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ABSTRACT
Conjugated polymer nanoparticles (CPNs or Pdots) have become popular
fluorophores for a variety of fluorescence imaging applications due to their
brightness, photostability, and aqueous compatibility. Recently, their ability to
generate charged species has begun to be exploited in applications ranging from
photocatalysis to photovoltaic cells. Upon excitation, CPNs can eject an electron
via photoinduced electron transfer (PET) to oxygen or other acceptors. The
competition between fluorescence and PET is undesirable in redox-based
applications. However, CPNs are capable of the simultaneous generation and
detection of reactive oxygen species, expanding their use in photodynamic
therapy (PDT). We seek to determine the dependence of PET on conjugated
polymer structure and irradiation dosage. We will present studies of PET and
fluorescent superoxide sensing in the most widely-used CPNs. These results will
ultimately aid in the selection of polymers and irradiation conditions for PDT
applications.
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CHAPTER 1

OVERVIEW

1.1 Conjugated Polymer Nanoparticles
Rapid developments in fluorescence spectroscopy have aided in the
progress of imaging and describing biomedical processes.1,2 However, the use of
small organic dyes, although versatile, may be limited by the dye’s low
absorptivity, photostability, and autoxidation effects that often occur within cells.
Autoixdiation results in low signal-to-noise and experimental unreliability.1,3
Advanced fluorescence-based techniques are needed to overcome these
limitations. An answer to the weaknesses of small organic dyes may lie in the
use of -conjugated polymers.
Conjugated polymers (CPs) have high extinction coefficients and possess
high photostability.1–4 A variety of conjugated polymers can be synthesized and
their optical properties can be manipulated through chain length and substituent
selection. Longer polymer chains decrease electron density as delocalization
spreads out further. This shifts absorbances to longer wavelengths as the energy
band gap narrows. Additionally, electron withdrawing groups pull electron density
away from the polymer backbone, lowering the LUMO and increasing electron
affinity.5 Despite their tunable properties, the hydrophobic nature of CPs limits
their use to non-biological applications.
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In 1992, Kasai et al. explored using organic materials in aqueous media
by introducing a solvent exchange method called reprecipitation in order to
synthesize organic microcrystals. For reprecipitation, an organic compound,
dissolved in a suitable organic solvent, is injected into water. The organic solvent
is then removed from the solution, resulting in a change of morphology and
electronic properties for the compound.6 Masuhara et al. first used a modified
reprecipitation method on CPs in 2004. CPs dissolved in THF were injected into
water with vigorous stirring. The CPs collapsed on to themselves, forming
nanoparticles suspended in water.7 In 2005, McNeil et al. synthesized and
characterized conjugated polymer nanoparticles (CPNs) from the polymer poly[2methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV).8
Since 2005, McNeill’s group has worked extensively with CPNs to
describe their physical and optical properties. They found that CPNs synthesized
using the reprecipitation method resulted in small (5-70 nm), spherical, highly
absorbing and fluorescent CPNs that remain stably suspended in aqueous
media, with only a small portion aggregating out of solution. The stable
nanoparticle composition will vary with the number of folded polymer chains they
contain. The fluctuations in the number of polymer chains collapsed into a
nanoparticle stem from the variations in molecular weight from commercially
bought polymers.4,5,9,10 Despite the rigid, linear conjugated polymer backbone,
surface tension effects cause the spherical morphology of CPNs, while the core
of the nanoparticles can have amorphous or semi-crystalline phases.10 The
conjugated polymer contains defects that react with oxygen in the water to form a

2

hydrophilic, negative charge around the densely-packed, hydrophobic core.11
The negatively charged surface area results in colloidal stability due to the
repulsion of individual nanoparticles in solution.
CPNs are superior to small, fluorescent organic dyes and quantum dots
because of improved brightness and biocompatibility. Compared to quantum
dots, CPNs have higher surface modification success and can be roughly 20-100
times brighter than quantum dots of similar sizes. 4 CPNs may be preferable to
quantum dots in biological applications as they do not contain toxic metals. CPNs
are more photostable than organic dyes and do not require organic co-solvents
for stability.4,5,12
CPN fluorescence has been utilized by others for bioimaging, 2 chemical
sensing of metals and small ions,13 and biosensing of large
biomacromolecules.14 The Harbron Lab has particular interest in the fluorescence
of CPNs. Specifically, the lab has done extensive work in pairing organic dyes
with CPNs to study the effects of energy transfer from the CPNs to the dye upon
light irradiation.15–17
Recently, the ability of CPNs to generate charged species upon excitation
has expanded applications to light-emitting diodes,4,18 photovoltaic devices,19
thin-film transistors,20 and photodynamic therapy.21,22 Photogenerated electronhole pairs (excitons) are free to migrate along the -conjugated backbone,
making CPNs good semiconducting materials.23 Charge injection into CPNs can
be controlled by the energy gap, electron affinity, and ionization potentials of the
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CPNs.24,25 The Harbron Lab has yet to explore electron transfer capabilities from
CPNs.

CPN Phenomena
The photophysical phenomena that occur in CPNs are complex. Once
excited, many relaxation pathways, both radiative and non-radiative, are present
simultaneously. The two pathways most crucial for the present work will be
discussed below.

Resonance Energy Transfer
Upon excitation of a chromophore, the molecule may non-radiatively relax
via energy transfer to an acceptor. For energy transfer to become competitive
with other radiative and non-radiative pathways, both good spectral overlap
between the donor’s emission and acceptor’s absorbance and an appropriate
donor-acceptor distance are required.26 This phenomenon is generally called
resonance energy transfer (RET), although energy transfer can be broken down
into more specific categories. Figure 1 illustrates RET from a donor to an
acceptor. Multichromophoric CPNs act as outstanding RET donors to dopant dye
acceptors.
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Figure 1. Schematic diagram of RET from CPN donor to fluorescent dye
acceptor.

The creation of excitons in CPNs are responsible for their amplified RET
mechanism. In semiconducting polymers such as CPNs, electron-hole pairs are
created upon excitation. The pair is bound at room temperature (excitons);
however, charge accumulation leads to dissociation of the bound pair (free
charge carriers). The creation of excitons is unique to organic semiconducting
polymers. Inorganic semiconductors produce an electron and hole directly with
excitation. Exciton diffusion occurs in dense, multichromophoric systems and
occurs when electronic transitions from the HOMO to LUMO couple with
neighboring transition dipoles, setting off a collection of excitations in the
chromophore.5,10 This phenomenon causes the light-harvesting “antenna affect”
seen in CPNs. McNeill modeled exciton diffusion in CPNs, showing that it
increased energy transfer to dopant dye acceptors. He calculated exciton
diffusion lengths to be about 8  1 nm for 4-20 nm CPNs.10 This property is
particularly useful for organic dyes with small extinction coefficients. CPN
excitation followed by energy transfer to dopant dyes result in amplified dye
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emission compared to direct excitation of the dye. RET from CPN donors to dye
acceptors is useful for photoswitching dye applications and ratiometric
sensing.15,17
Although the surface of CPNs can be functionalized for dye loading,
Harbron’s lab uses the hydrophobicity of organic dyes to ensure that dyes are
adsorbed to the nanoparticle when suspended in aqueous media. Location of the
dye can be manipulated by the timing of the dye doping step in the CPN
preparation.27 Early or volumetric dye doping occurs when the dye is injected into
the bulk polymer solution before water injection and nanoparticle formation,
allowing the population of dyes to be trapped inside the CPNs. Dyes that are late
or superficially doped are added after nanoparticle formation and believed to
adsorb mostly to the outside of the nanoparticle surface. Dyes doped into CPNs
are much more photostable than on their own in solution. 10 CPNs doped with
fluorescent dyes show red-shifted emission, which is often useful for biological
applications because longer wavelengths can penetrate tissue more deeply.

Photo-induced Electron Transfer
When excited to the first excited singlet state, electrons within CPs may
undergo intersystem crossing (ISC) to the triplet state. From the triplet state,
enough potential energy may be accumulated for electron injection to oxygen or
other acceptors to occur. This process is called photo-induced electron transfer
(PET).21 A simplified illustration of PET can be found in Figure 2. PET creates a
hole polaron in place of the electron. The resulting holes are efficient at
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fluorescence quenching, as the fluorescence relaxation pathway is removed from
the system. Hole polarons can quench a small spot in the CPN, and
subsequently migrate throughout the CPN. The generation and annihilation of
hole polarons can be seen as fluorescence blinking in single molecule studies. 5
Fluorescence may be regenerated in CPNs when oxygen is eliminated from the
system and the efficient electron acceptor is removed. Although PET from CPNs
can be useful in redox-based applications, fluorescence quenching may be
undesirable for fluorescence-based applications.

Figure 2. PET from a donor to an electron acceptor.

This body of work will focus on the ability of CPNs to undergo PET to
acceptors such as molecular oxygen. Redox-based applications could benefit
from CPNs’ charge injection capabilities and many of these applications,
especially photovoltaic devices, concentrate on the rate of charge injection to
acceptors. However, applications such as photodynamic therapy for the
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treatment of cancer may benefit from both CPNs’ charge transfer and exceptional
fluorescence capabilities.

1.2 Photodynamic Therapy
Currently, successful cancer treatments such as photochemotherapy,
radiotherapy, and surgical tumor removal exist. However, efforts to improve
therapies’ efficiencies, increase affordability, and lessen side effects are
imperative. The damaging and high energy ultraviolet (UV) light that is used in
photochemotherapy is known to cause adverse side effects; radiotherapy’s use is
limited by the amount of radiation dosage the human body can handle; and
surgery to remove tumors results in high reoccurrence rates of tumors.28
Photodynamic therapy (PDT) is an emerging alternative cancer treatment that
has the potential to be highly successful in killing tumors, selective to cancer
cells, and cost-effective. Additionally, PDT systems aim to be non-invasive,
allowing for safer repeated treatments. 21,28,29
PDT combines the use of visible light and a tumor-localizing chemical
photosensitizer (PS). When these two components are combined with molecular
oxygen, reactive oxygen species (ROS) are created and proceed to promote cell
death through a variety of oxidative mechanisms. The PS, which has negligible
dark toxicity, is administered either intravenously or topically in the absence of
light. As the PS spreads throughout the cells, it accumulates in tumor tissue and
cells and vacates healthy cells. When an optimum ratio of diseased vs. healthy
cells are inhabited, light in carefully regulated dosages is shown directly on the
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diseased tissue to activate the PS. The activated form of the PS will generate
ROS.29
Both PET and RET from PS are utilized to generate different ROS.21,28
Figure 3 illustrates how these pathways are utilized in ROS generation. Upon
light irradiation, the PS is excited (1*PS) and then quickly undergoes ISC to the
triplet state (3*PS). From the triplet state, the excited state can follow two
pathways: the PS may transfer its energy to oxygen, producing singlet oxygen,
1

O2 (Type II PDT), or the PS can undergo PET to molecular oxygen, reducing it

to superoxide, O2- (Type I PDT). 1O2 and O2- are both types of ROS and are
therefore capable of effective oxidative damage to cells. Although O 2- itself is not
as strong an oxidizing agent as 1O2, it is capable of undergoing redox reactions
to form additional highly reactive ROS such as hydroxyl radicals (HO) or
peroxynitrie (ONOO-). Both Type I and Type II pathways may occur
simultaneously; which pathway is dominated can be manipulated by the choice in
PS.21,28,30 On their own, PDT components are non-toxic. However, when
combined they become an effective cancer treatment.
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Figure 3. Type I and II pathways in photodynamic therapy.21 Copyright 2017 Wiley-VCH. Used
with permission from Changfeng Wu, Therapeutic Considerations and Conjugated PolymerBased Photosensitizers for Photodynamic Therapy, Macromol. Rapid Commun., Wiley-VCH.

The earliest demonstration of PDT was in the early 19th century by
physician Niels Ryberg Finsen. His group successfully used heat-filtered light
from a carbon-arc lamp (later deemed the Finsen Lamp) to treat lupus vulgaris,
an infection of the skin. Finsen’s work won the Nobel Prize in the category of
Physiology or Medicine in 1903 and introduced the world to phototherapy as a
medical treatment. In the early 20th century, pharmacologist Hermann von
Tappeiner’s group proved that combining light, a sensitizer, and oxygen can
destroy cells. For the first time, his group was able to treat solid tumors (basal
cell carcinoma) by using topical eosin as a PS. From here on, the use of light as
a medical treatment was referred to as photodynamic therapy.
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Progress on PDT was suspended shortly after this time due to the
concurrent discovery of X-rays. German physicist Wilhelm Rontgen published the
first pictures of a skeleton hand using x-rays in 1895. Rontgen captured these
images with an apparatus constructed by physicist Philipp Lenard. Because of
the images, Rontgen went on to win the first Nobel Prize in Physics in 1901. Xray radiation as a therapeutic treatment quickly made its way into clinical trials.
The success of the treatment overshadowed much of the PDT work. Without the
use of an efficient PS, lower energy PDT was less potent in cancer treatments.
The significant dangers of using high energy X-rays would not be realized until
many years later.29,31,32
Now that the risks of high energy light on the human body are fully
understood, PDT has reemerged as a potential therapeutic intervention. PDT has
successfully been used to treat bladder cancer, lung cancer, and skin cancer. 28
The therapy has had a hard time gaining clinical acceptance due to the lack of an
efficient PS that can achieve oxidative stress with non-damaging dosages. It can
also be difficult to monitor the treatment’s progress. An ideal PS accumulates
only in affected cells and vacates healthy cells quickly. For this reason, the PS
needs to be amphiphilic. Hydrophilicity allows the PS to travel to the tumor cells,
while lipophilicity helps the PS to bind to the target. Although PS that are more
hydrophobic have higher tumor-to-normal tissue occupancy, PS that are too
hydrophobic may aggregate in aqueous media.
Additional qualities that make an ideal PS are dark stability, activation by
longer wavelengths of light, a high triplet-state quantum yield, and a long triplet-
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state lifetime. Cancer treatments are moving away from the use of damaging UV
light to longer, low energy wavelengths (visible to near-infrared (NIR)). With the
use of an efficient PS, low energy radiation will reduce the collateral damage of
healthy tissue. Further, longer wavelengths are more effective at penetrating
tissue and their use will increase cancer killing efficiency for tumors not located
close to the skin’s surface.21,28,33,34
The search for an ideal PS has led to three generations of PS. The first
generation was based on porphyrins, a group of naturally occurring and intensely
colored compounds developed in the 1970s and 1980s.29 Photofrin, the most
widely-studied PS of this generation, was the first PS approved for clinical trials
to treat bladder cancer in 1993.29 First generation PS were limited by their small
extinction coefficients, which required large amounts of the drug to be used. They
also had poor tumor selectivity, poor biocompatibility, and prolonged light
sensitivity in patients. Second generation PS were developed in the late 1980s to
overcome the shortcomings of this generation. Second-generation PS consist of
a large variety of compound families that have large extinction coefficients, have
higher quantum yields of 1O2, absorb longer wavelengths, possess higher tumor
selectivity, and have shown rapid treatment time in clinical trials. 21,28,29
The third generation of PS, which are currently being investigated, aim to
increase the solubility in aqueous media and enhance selectivity to tumor tissue.
Many have investigated the use of PDT PS to serve multifunctional purposes
such as additional drug delivery35 and imaging.36 CPNs possess many qualities
that would make their use suitable as a third generation PS in PDT application.
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CPs were first used as PS in 2005, when Whitten et al. showed that a
cationic PPE derivative successfully killed Gram-negative Escherichia coli and
Gram-positive Bacillus anthracis when activated with white light.37 These results
generated interest in the usage of CPs as PS for PDT, which in turn led to
increased attention of the possible efficacy of CPNs for PDT use. 21,28,38 As
descried above, CPNs have large extinction coefficients; are stable in aqueous
media; possess large surface to volume ratios, potentially decreasing the amount
of PS needed; and have low dark activation, preventing premature release of
ROS. Therefore, CPNs are suitable for multifunctional PDT applications. Their
surfaces can be modified with functional groups or targeting agents. Along with
their fluorescence and their fluorescent dye loading capacity, CPNs are suitable
for imaging in addition to their therapeutic effects. 21 A means to track the
therapy’s progress is highly coveted.
The desired charge transfer capabilities of a PS are not as straightforward
as other redox-based applications. Unlike charge injection within photovoltaic
devices, ideal charge injection in PDT needs to be scalable. And while PET
affects the emission from CPNs, it should only do so in a way that does not
prevent them from being used in an imaging capacity.
1

O2 production from undoped CPNs39 and PS-doped CPNs40–42 have

previously been used in PDT studies. Very little work has been done to describe
O2- production from CPNs. This thesis presents fundamental investigations of
the ability of CPNs to undergo PET under varying conditions such as light
dosage and CPN structure. Specifically, these factors will be evaluated in regard
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to CPNs as a possible PS. Additionally, CPNs will be doped with a ROS-sensing
fluorescent dye to assess CPNs’ ability to image ROS production (or therapy
progress). Ultimately, this work will review how structure (size and polymer) and
light dosage affect the ability of CPNs to simultaneously generate and detect
ROS under different conditions in vitro.
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CHAPTER 2

APPROACHES TO DESCRIBING ELECTRON TRANSFER FROM CPNS

This thesis used three main approaches (ROS-sensing fluorescence
assays, CPN fluorescence quenching tests, and cytochrome c reduction assays)
to describe PET from CPNs. Although only qualitative in nature, cumulatively
they may create a narrative of how charge transfer depends on dosage and CPN
structure. These testing assays are summarized below, including how they will
be employed in describing PET from CPNs.

2.1 Hydro-Cy5 as a Superoxide Sensor
The overproduction of ROS has been linked to the cause of oxidative
stress that is associated with many diseases. A probe that detects the formation
and progression of ROS is of particular interest for medical advances.
Fluorescent probes, such as dihydroethidium (DHE), 43–45 have been extensively
studied for ROS detection. However, DHE has poor photostability and suffers
from rapid photobleaching and autoxidation in aqueous media causing large
background fluorescence. Generally, ROS detection in vivo, particularly O2-, can
be difficult due to short lifetimes and low concentrations of O2- in cells.
In 2009, Kundu et al. discovered that hydrocyanines could be employed
as selective ROS probes. Hydrocyanines are derived from the cyanine family of
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dyes, which are very popular fluorescent probes. They possess tunable physical
and optical properties, which have made them popular doping dyes for ROS
detection. 46,47 Although this family of dyes still undergoes autoxidation and
photobleaching, they do so on a lesser scale than DHE, resulting in increased
sensitivity.46
The synthesis of hydrocyanines is comprised of a simple, one-step
reduction of a cyanine dye with sodium borohydride (NaBH 4). This particular
project made use of Hydro-Cy5 (Figure 4), which has high specificity to O2- and
OH. The reduction of Cy5 (absorbance at 360 nm) with NaBH4 to Hydro-Cy5
(absorbance at 640 nm) disrupts the -conjugation, consequently turning the
fluorescence off. Oxidation of the hydrocyanine molecule by O 2- and OH
regenerates the iminium cation and -conjugation, turning fluorescence back on.
The oxidation of Hydro-Cy5 to Cy5 releases no additional by-products, unlike
DHE, which is ideal for intracellular imaging. The absorbance of newly
synthesized (mostly reduced) Hydro-Cy5 can be seen in Figure 5 and
absorbance and fluorescence spectra of oxidized Cy5 can be seen in Figure 6.

Figure 4. The chemical structures of reduced, non-fluorescent Hydro-Cy5 (top)
and oxidized, fluorescent Cy5 (bottom).
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Figure 5. Absorbance of Hydro-Cy5. The reduced form of the dye can be seen at
360 nm. Oxidized Cy5 (inlayed) is seen at 640nm.

Figure 6. Spectral overlap of Cy5’s absorbance (solid line) and fluorescence
(dashed line).
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Because cell membranes are more permeable to uncharged species, the
reduced Hydro-Cy5 molecule is suitable for intracellular ROS detection. The
uncharged, reduced dye is free to migrate throughout cells. Once oxidized, the
dye becomes charged and increases its membrane impermeability, accumulating
in cells that overproduce ROS. Additionally, toxicity tests of the hydrocyanine
dyes in rat muscle showed negligible toxicity effects and high
biocompatibility.46,47
Doping CPNs with Hydro-Cy5 has numerous benefits over using the dye
alone for ROS sensing. Hydro-Cy5 has low solubility and functionality in aqueous
media. Others have attempted modification or encapsulation of the dye to
combat this problem. 48 However, hydrophobicity permits the dye to stick onto the
nanoparticle surface, therefore the dye becomes functional in water where it
would otherwise aggregate. Additionally, if the CPNs fluorescence has adequate
overlap with oxidized Cy5’s absorbance, RET from CPNs to Cy5 amplifies the
dye’s signal in response to ROS. RET amplification helps to overcome the dye’s
low extinction coefficient (5,000 M-1 cm-1 for Cy5)47. Furthermore, having two
simultaneous emission signals from a fixed excitation wavelength (the CPN’s
excitation), allows for ratiometric sensing. Ratiometric sensing behaves as an
internal reference, solving fluorescence subjectivity. 49
In the fluorescence testing assays, CPNs are doped with Hydro-Cy5 and
then irradiated with visible light. Upon excitation, CPNs undergo PET to
molecular oxygen, which results in the production of O 2-. Hydro-Cy5 is oxidized
by the generated O2- to Cy5, turning the fluorescence on. The signal at Cy5’s
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emission can be used to evaluate PET from CPNs, as O 2- is a byproduct of this
non-radiative pathway. When CPNs are doped with Hydro-Cy5, PET is in
competition with RET to the dye, therefore, the assay does not provide an
account of all PET possible from the CPN. However, it does allow relative
comparisons of CPNs’ ability to generate O2- when light dosage and structure
are altered.
O2- production in the fluorescence assays is probed in two ways. The
CPN can be excited at 470-490 nm, for the CPNs’ chosen in this study, resulting
in RET from the CPN to the dye. The change in the ratiometric emission as a
function of time can be used to gauge the CPNs ability to act as a O 2- probe in
treatment. In the same assay, Cy5 can be excited directly at 625 nm. Direct dye
excitation allows for the dye’s emission behavior and O 2- production to be
directly assessed without the effects of RET. This test is helpful when discussing
the CPNs’ ability to act as a light harvester for the dye and evaluate the dye’s
photostability in the CPN.
An example of this assay can be seen in the CPN poly[2-methoxy-5-(2ethylhexyloxy)-1,4-(cyanovinylene-1,4-phenylene)], (MEH-CNPPV). The spectral
overlap of MEH-CNPPV CPN’s emission and Cy5’s absorbance can be seen in
Figure 7. Unexpectedly, doping Hydro-Cy5 onto the surface of CPN causes
almost total quenching of the MEH-CNPPV CPNs’ fluorescence (Figure 8). As
irradiation is applied to the system, Hydro-Cy5 is oxidized to Cy5 and
fluorescence quenching is relieved. A Stern-Volmer plot was constructed to
evaluate the unexpected quenching of CPN fluorescence (Figure 9) by Hydro-
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Cy5. The upward curvature has been observed in some other CPN-based RET
systems and has been attributed to exceptionally efficient quenching. A linear fit
of the first few data points can be used to establish a lower limit for K SV of 0.98
nM-1. The exact quenching mechanism of the dye on CPN fluorescence remains
unknown but this anomaly raises the possibility of creating a turn-on O2- sensor.

Figure 7. Spectral overlap of MEH-CNPPV CPNs’ emission (red) and Cy5’s absorbance (black).

Figure 8. Quenching effects of Hydro-Cy5 on MEH-CNPPV CPNs.

20

Figure 9. Stern-Volmer of MEH-CNPPV CPNs’ fluorescence quenching by Hydro-Cy5.

After doping CPNs with Hydro-Cy5, a low dosage of irradiation is applied
to the system and the changes in emission are evaluated as a function of time.
An example of the results with CPN excitation and direct dye excitation are given
in MEH-CNPPV CPNs (Figure 10). The initial addition of dye causes
fluorescence quenching of the CPN, and irradiation relieves quenching and
causes growth in the CPN signal along with Cy5’s signal. Due to the large
spectral overlap between MEH-CNPPV CPNs and Cy5, RET within the dyedoped system is excellent and provides powerful dye amplification. Calculating
dye amplification as the emission of the dye with CPN excitation divided by the
emission of the dye with direct excitation, MEH-CNPPV CPNs amplify Hydro-Cy5
by a factor of 21 (x21) on average. Fluorescence assays (both RET and direct
excitation), will be described in detail in Section 3.2.1 to evaluate dosage
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dependence; Section 3.3.1 to evaluate CPN size dependence; and throughout
Section 4.1 to evaluate CP structure dependence on O 2- production from CPNs.

Figure 10. Fluorescence assays of Hydro-Cy5-doped MEH-CNPPV CPNs with
CPN excitation (top) and direct dye excitation (bottom).
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2.2 Fluorescence Quenching of Undoped CPNs
PET is competitive with other radiative and non-radiative pathways,
including fluorescence. Therefore, monitoring fluorescence quenching can be an
approach to describing PET from CPNs. Fluorescence quenching as a result of
light irradiation is prominent in the CPN poly[(9,9-dioctylfluorenyl-2,7-diyl)-altco-(1,4-benzo-{2,1’,3}-thiadiazole)], (PFBT). The quenching of PFBT CPNs’
fluorescence can be seen in Figure 11. PFBT CPNs’ emission maximum at
538 nm is tracked as visible light is applied to the system (indicated by the gray
box), and then the fluorescence behavior is examined after the short irradiation
interval.

Figure 11. Fluorescence quenching and regeneration of PFBT CPNs with light irradiation.
The gray box indicates when 81x10-6 M s-1 of 455 nm light is applied to the system.

When the light is turned off, a portion of the fluorescence is regenerated.
This is interpreted as the recombination of electron-hole pairs. It should be noted
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that the decrease in fluorescence upon irradiation can be attributed to many
photobleaching processes outside of PET. Thus, fluorescence quenching studies
will only be used to support observations seen in other testing assays.

2.3 Cytochrome c Reduction by PET from CPNs
To track PET from the CPNs, a cytochrome c assay was performed.
Cytochrome c is a metalloprotein involved in the electron transport chain in the
respiratory system. The Fe3+ heme group (absorbance seen at 410 nm) acts as
an electron acceptor, and when reduced to Fe2+, has an absorbance peak at 550
nm (Figure 12).50,51 In a solution containing cytochrome c and CPNs, light
excitation will result in PET from the CPNs to cytochrome c, which can be
tracked using the absorbance of the reduced heme.

Figure 12. Absorbance of cytochrome c. The reduced form of cytochrome c
absorbs at 550 nm and is used for tracking PET from CPNs.

Because the CPNs have a negatively charged surface area, the positively
charged heme group in cytochrome c electrostatically binds to the surface of the
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nanoparticle. When the enzyme nonspecifically binds to the nanoparticle in
solution, the enzyme undergoes electron transfer and energy transfer to the
CPNs, affecting the fluorescence of the nanoparticles. 52–54 Figure 13 shows the
increase of absorbance at 550 nm when a solution of PFBT CPNs and
cytochrome c is left in the dark. Electron transfer from PFBT CPNs happens
uncontrollably (without light excitation) because of the binding. Electrostatic
binding of cytochrome c on PFBT CPNs is confirmed in Figure 14 through CPN
fluorescence quenching.

Figure 13. Absorbance of reduced cytochrome c at 550 nm when left in solution
with PFBT CPNs in the dark.

Figure 14. Fluorescence quenching of PFBT CPNs by the binding of cytochrome c.
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In order to control the dark-state redox chemistry and photo-initiate
electron transfer, the nanoparticles are wrapped in a cationic, weak
polyelectrolyte, poly(allylamine hydrochloride) (PAH), chemical structure given in
Figure 15. Enough PAH will turn the overall surface charge of the nanoparticles
positive. This will repel cytochrome c away from the nanoparticle surface,
allowing for photo control of the electron transfer process.

Figure 15. Chemical structure of PAH.

The chemist Gero Decher introduced the layer-by-layer method of coating
solid structures with polyelectrolytes in 1997, describing the repeated adsorption
of the polyelectrolyte onto a charged surface.55 Polyelectrolytes have repeated
ionizable groups that dissociate in water, leaving charges on the polymer chains.
This allows for sequential adsorption of the polyelectrolyte onto an oppositely
charged surface.55,56
Polyelectrolytes are superior to other coating options because multiple
ionic bonds are needed for adhesion. Additionally, layer thickness can be
controlled with the selection of strong and weak polyelectrolytes. Weak
polyelectrolytes, such as PAH, do not completely dissociate in water, resulting in
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the polyelectrolyte to fold unto itself causing ‘random coils’ and, ultimately,
swelling of the layer. Conversely, strong polyelectrolytes completely dissociate in
water, resulting in a higher charge. The higher charge allows them to keep linear
conformations and leads to higher viscosity and thinner layers on the solid’s
surface.55–57 For this project, a thicker polyelectrolyte layer will decrease the
chance of cytochrome c binding.
Amitava Patra recently used a cationic polyelectrolyte, polyetheleneimine,
to wrap CPNs and then adsorb negatively charged dye onto the CPN surface. 58
By monitoring surface charge with zeta potential measurements, their group
successfully changed the surface charge of the CPNs from +35 mV to -25 mV.
Because of the charge on the nanoparticle surface, a layer of oppositely charged
ions surround the nanoparticle leading to what is called a ‘double layer’ effect.
The electrical potential or zeta potential of this double layer is measured by the
instrument to give the magnitude of the surface charge. Zeta potentials correlate
to the nanoparticle’s suspension stability in solution, as a weak potential charge
will cause attractive forces to take over and the nanoparticles to aggregate. 59
Zeta potentials were monitored to determine sufficient PAH wrapping of
CPNs. Table 1 displays the results of zeta potential measurements of wrapped
PFBT CPNs. As the PAH coating is increased, the overall surface charge of
PFBT CPNs become more positive, until at 5 wt% PAH, the surface charge is
almost neutral. Figure 16 shows how the absorbance of PFBT CPNs change as
varying PAH amounts are used to wrap the nanoparticles. A red-shifted tail in the
absorbance is seen with 5 wt% PAH (of CPNs), indicating aggregation.
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Aggregation of the CPNs supports the zeta potential measurements, as 5 wt% of
PAH coating results in an almost neutral surface charge. Because surface
charge is needed to keep the nanoparticles stably suspended, at 5 wt%, the
charge is too neutral and causes aggregation. 10 wt% of PAH coating was
enough to turn the overall surface charge positive and diminishes aggregation
effects, seen by the absence of the red-shifted tail. However, larger potentials
(with the charge magnitude above 20 mV), are needed for stably suspended
particles.59 For this reason, 20 wt% of PAH was used for all cytochrome c
assays. Figure 16 confirms that 20 wt% of PAH results in stably suspended
nanoparticles, as indicated by the absence of a red-shifted tail.

PAH WT%
ZETA
POTENTIAL
(MV)

0WT%

3WT%

5WT%

10WT%

12.5WT%

15WT%

20WT%

-38.66

-34.95

-1.69

+10.13

+18.91

+24.52

+27.93

Table 1. Zeta potentials of PAH-wrapped PFBT CPNs.

Figure 16. Absorbance of PFBT CPNs with varying amounts of PAH coating.
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The absorbance of cytochrome c’s reduced Fe2+ at 550 nm was monitored
as a function of time in the dark. Figure 17 confirms that 20 wt% of PAH
wrapping of PFBT CPNs was enough to stop dark-state electron transfer
between the CPNs and cytochrome c. Unlike the unwrapped PFBT CPNs’ results
in Figure 13, there is no positive change in absorbance at 550 nm when left in
the dark. It is believed that changing the CPN surface charge to positive repels
cytochrome c from the surface of the nanoparticle. In turn, this shuts down darkstate redox and energy transfer chemistry.

Figure 17. PAH-wrapped PFBT CPNs with cytochrome c in solution kept in the dark.

Figure 18 shows that when light (4.41x10-5 M s-1 of 455 nm light) is applied
to the wrapped CPN solution, electron transfer from PFBT CPNs to cytochrome c
is initiated, reducing cytochrome c and increasing the absorbance at 550 nm.
The difference in absorbance behavior at 550 nm while in the dark and then with
light irradiation shows that when the correct amount of PAH is used to wrap the
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CPNs, it allows for photo-control of the system. Figure 18 displays an example of
the typical data gathered from the cytochrome c assay. All samples are irradiated
for a period of two minutes. The Absorbance seen in the irradiation period is
recorded and used for evaluation.

Figure 18. PAH-wrapped PFBT CPNs with cytochrome c in solution. The gray
box indicates 4.41x10-5 M s-1 of 455 nm light exposure to the system.

The reduction of cytochrome c that results in an absorbance change at
550 nm is a mixture of direct and indirect electron transfer to cytochrome c.
Figure 19 depicts the two PET pathways occuring in the cytochrome c assay.
Upon CPN excitation, PET can occur directly to cytochrome c (direct electron
transfer) or PET can occur to oxygen. When oxygen is reduced to O2-, O2- is
also capable of reducing cytochrome c (indirect electron transfer). The different
electron transfer pathways do not harm the assay’s ability to describe PET, as
both are a result of one-electron reductions.
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Figure 19. Depiction of electron transfer pathways between the PAH-wrapped
CPNs and cytochrome c.

Oxidation and reduction potentials of PFBT were investigated to show
thermodynamic favorability of PET to cytochrome c and oxygen. The oxidation
and reduction potentials displayed in Table 2 were collected from literature
values. Notable to this project, the reduction of PFBT CPNs is not observed in
cyclic voltammetry measurements, therefore the chance of back electron transfer
from cytochrome c to PFBT CPNs is low. Additionally, because the concern of
this project is photo-induced charge transfer, PFBT CPNs’ oxidation potential
from its excited state is necessary to determine thermodynamic favorability of
PET from PFBT CPNs to cytochrome c. In order to evaluate PET from the
LUMO, the equation 1E*ox = Eox – E0,0 was used. E0,0, the band gap energy, was
also taken from literature values (estimated to be ~2.48 eV for PFBT CPNs).
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EOXI (V VS. SHE)
E*OX (V VS. SHE)
ERED (V VS. SHE)

1

PFBT
CPNS27
+1.38
-1.10
N/A

CYTOCHROME
C60
+0.60
--0.14

3

O230

---0.16

Table 2. Redox properties of PFBT, cytochrome c, and oxygen.

The cytochrome c reduction assay is a helpful tool to describe PET from
CPNs. In order to assert photo-control over the assay, dark-state redox chemistry
between CPNs and cytochrome c must be shut down with use of PAH wrapping.
When electron transfer from the CPNs is photo-initiated, the reduction of
cytochrome c happens via two electron transfer pathways, direct and indirect
electron transfer. Both pathways are the result of one electron transferred from
CPNs and do not affect the outcome of the test. The aim of this testing method is
to describe the total PET capable from CPNs which can be related to the total
amount of electrons available to reduce oxygen to O 2-. It will also be useful in
determining how PET from CPNs changes in response to light dosage and CPN
structure. The cytochrome c reduction assay may bring a more quantitative
aspect to describing PET from CPNs.
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CHAPTER 3

ELECTRON TRANSFER FROM PFBT CPNs

PFBT is a yellow-emitting polyfluorene derivative. Due to its excellent
electron donating behavior and efficient hole trapping, PFBT has been used
extensively in light-emitting diodes and photovoltaic devices. 61,62 The structure of
PFBT can be seen in Figure 20, and its absorption and fluorescence spectra in
its nanoparticle form are displayed in Figure 21.

Figure 20. Chemical structure of PFBT.

Figure 21. Absorbance (solid line) and fluorescence (dashed line) of PFBT CPNs.
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Palacios and coworkers27,63 have done extensive work describing CPNPFBT’s ability to generate 1O2 via RET from PFBT CPNs’ triplet excited state to
molecular oxygen. However, PFBT CPNs’ ability to simultaneously produce O2and other ROS has not been investigated. This chapter will focus on our efforts
to describe PET and O2- generation from PFBT CPNs. PET from PFBT CPNs
was investigated by combining cytochrome c reduction assays, Hydro-Cy5 O2sensing, and fluorescence quenching experimental results. PFBT CPNs were
subjected to different conditions and results were evaluated with the aim of
describing how these conditions affect PET.

3.1 Proof of Superoxide Production
Superoxide dismutase (SOD) has been used to verify O 2- generation and
a sensor’s ability to react to O2-.36 SOD is a powerful antioxidant found in living
cells and is known to catalyze the dismutation of O 2- into O2 and H2O2. The O2-scavenging enzyme was discovered by McCord and Fridovich in 1969 and
extensively studied by Fridovich since.64–66 The enzyme is unique in that its
substrate is an unstable free radical, to which O 2- spontaneously dismutates at a
rate constant of 3x104 M-1 s-1 at pH 7.4.66,67
SOD is an effective O2- scavenger due to the high rate constant for the
reaction of O2- with SOD (2x109 M-1 s-1). There is also a higher concentration of
SOD than O2- within cells, increasing the odds that O2- will come into contact
with SOD.65,67 In vitro assays can mimic the powerful O2- scavenging effect in
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living cells by keeping SOD concentrations high, as the O 2- scavenging follows
first-order rate kinetics.66
Pu and coworkers have laid groundwork for the simultaneous generation
and detection of reactive oxygen and nitrogen species (RONS) from CPNs using
ratiometric sensing.38 They successfully conjugated a cyanine derivative, capable
of sensing RONS on the surface of NIR emissive CPNs. The resulting emission
spectra contained a CPN emission peak and a dye emission peak that was
amplified by RET. In the presence of added RONS, the dye decomposes,
diminishing RET effects, and increasing the CPN emission. Outside of Pu’s work,
there has been little work on investigating the production of O 2- by CPNs in
aqueous media with light exposure. In order for CPNs to act as efficient PDT PS,
their ability to produce O2- readily with light excitation is critical. SOD was
utilized as a means to prove O2- generation upon irradiation of PFBT CPNs.
PFBT CPNs were doped with 20 wt% of Hydro-Cy5 and irradiated with low
photon flux (8.1x10-6 M s-1 of 455 nm light), resulting in a ratiometric fluorescence
signal (Figure 22a and 22b). This assay was introduced in Section 2.1 with MEHCNPPV CPNs. By the growth of Hydro-Cy5’s emission peak, O2- production was
indicated. When SOD was added to the system (Figure 22c and 22d), it was
expected that the Cy5’s emission signal at 666 nm would not be present, as SOD
reacts quickly with O2-. However, the results showed that Hydro-Cy5’s emission
did not diminish in the RET assay nor when the dye was directly excited post
irradiation. The RET fluorescence assay indicated a change in fluorescence of
both the PFBT CPNs’ and the dye’s emission, even though direct excitation
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fluorescence assays indicated similar O2- production with and without SOD. It is
unclear why the RET fluorescence assays provide different fluorescence
intensities when the same amount of dye is doped onto the CPNs and the same
irradiation conditions were used. Despite the variation in RET fluorescent
intensities, direct excitation fluorescence assays confirm that SOD did not
impede oxidation of Hydro-Cy5 by O2-.

(a)

(b)

(c)

(d)

Figure 22. Hydro-Cy5-doped PFBT CPNs with (a and b) and without (c and d) SOD. Both
samples were irradiated with 8.1x10-6 M s-1 of 455 nm light. Hydro-Cy5’s emission is monitored
through energy transfer from PFBT CPNs (a and c) and direct excitation of Hydro-Cy5 (b and d).

An investigation into the failure of SOD to reduce Hydro-Cy5’s emission
was performed. The SOD stock activity was confirmed through an assay that
generated O2- with the combination of xanthine and xanthine oxidase (X/XO).
X/XO was added to a solution of cytochrome c, and absorbance changes at 550
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nm were evaluated with and without the addition of SOD (Figure 23). Without
SOD, the O2- produced from X/XO reduces cytochrome c, increasing the
absorbance at 550 nm. With the addition of the SOD stock, the Absorbance at
550 nm was shut down as the produced O 2- was successfully scavenged by
SOD. The reduced absorbance measurements at 550 nm demonstrates the
activity of the SOD stock to be functioning. This also verified that SOD was being
added in suitable concentrations.

Figure 23. Proof of SOD stock activity. Xanthine and xanthine oxidase were combined to
produce O2-. SOD was used to scavenge O2- before the reduction of cytochrome c.

Given that the dye has been shown to react selectively with O 2- and
OH,46,47 these findings suggest that O2- is produced and capable of oxidizing
Hydro-Cy5 despite the presence of SOD. In order for O2- to react with HydroCy5 before SOD, it indicates a large rate constant between the reaction of O2and Hydro-Cy5 that exceeds the rate between O2- and SOD. However, in order
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to make assumptions about the rate of reaction between O 2- and Hydro-Cy5, the
concentrations of Hydro-Cy5 and SOD in the assay must be known. While the
concentration of Hydro-Cy5 can be estimated with confidence, determining
SOD’s concentration can be more complex, as the amount of SOD that
comprises commercially bought SOD stock is only estimated. Future work on
Hydro-Cy5-doped CPNs should begin to investigate how to determine the rate of
O2- with Hydro-Cy5. If it true that a large rate constant is the explanation behind
the results seen in Figure 22, these findings could be a true testament to HydroCy5’s ability to act as a spin trap for O2-. Successful spin traps for O2- have
been sought after so that O2- may be detected and characterized using electron
paramagnetic resonance (EPR). Cyclic nitrones have been the most popular
family of spin trapping compounds. Despite their popularity, reaction rates of
nitrones with O2- have been unsatisfactory, with apparent rate constants less
than 100 M-1 s-1 within a pH range of 7.0-9.0.67 This is far slower than the 3x104
M-1 s-1 rate constant for O2-‘s dismutation.
Additionally, solutions of Hydro-Cy5-doped PFBT CPNs were left to degas
under argon gas for 90 minutes to remove oxygen. The degassing was followed
by RET and direct excitation fluorescence assays (Figure 24). Degassing was to
prove that Hydro-Cy5’s activation was at least oxygen dependent. A clear
relationship between the presence of oxygen and activation of Hydro-Cy5’s
emission was established. The little emission given at 666 nm is most likely due
to trace amounts of oxygen or autoxidation of the dye. PFBT CPNs’ fluorescence
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intensity also remained dim, indicating that Hydro-Cy5 remained in its quenching,
reduced form.

Figure 24. Oxygen dependence of Hydro-Cy5-doped PFBT CPNs’ fluorescence intensity. Doped
PFBT CPNs were degassed and irradiated with 8.1x10-6 M s-1 of 455 nm light. Hydro-Cy5’s
emission is monitored through RET (top) and direct excitation (bottom). Direct excitation results
are compared to a non-degassed sample (black).

Cytochrome c assays were used as a more definitive proof of O 2production from PFBT CPNs. PFBT CPNs were wrapped with 20 wt% of PAH
and put into solution with cytochrome c. The solution was irradiated with varying
455 nm light dosages for a two-minute period. Without the presence of HydroCy5, O2- production is expected to be greater than in the Hydro-Cy5
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fluorescence assays, as RET to the dopant dye is no longer competing with PET
to oxygen. (Figure 25). Without SOD in the solution, the absorbance changes at
550 nm are a combination of direct and indirect reduction of cytochrome c. With
SOD present, O2- is scavenged at a rate faster than the reaction between O 2and cytochrome c, therefore, indirect reduction pathways of cytochrome c are
shut down. Differences between the Absorbances with and without SOD
describes the generation of O2- by PFBT CPNs.

Figure 25. Reduction of cytochrome c by PET from PFBT CPNs. PFBT CPN
solutions were 1.5x10-7 M.

Using 21,000 M-1 cm-1 as the heme group’s Fe2+ extinction coefficient, O2production and electrons transferred directly can be estimated. Both are shown in
Figures 26 and 27. When photon flux is kept low, the majority of electrons are
directly transferred to cytochrome c, producing little O2-. As photon flux is
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increased, larger amounts of O2- are produced by PFBT CPNs. Electrons directly
transferred are not as sensitive to light dosages, determined by the slopes of the
best fit lines (2.63x106 nM and 9.55x105 nM per photon flux for indirect and direct
electron transfer methods, respectively). Additionally, as photon flux is increased,
larger errors in O2- detection are present. This may indicate that lower light
dosages result in more control of O2- generation, an important aspect for PDT
applications.

Figure 26. Superoxide generation from PFBT CPNs in the cytochrome c assay. Results were
taken from a ~1.5x10-7 M PFBT CPN solution. Samples were irradiated for two minutes with
455 nm light dosages.

Figure 27. Direct electron transfer from PFBT CPNs in the cytochrome c assay. Results were
taken from a ~1.5x10-7 M PFBT CPN solution. Samples were irradiated for two minutes with
455 nm light dosages.
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It can be assumed that when cytochrome c is not in solution and the direct
electron transfer pathway is not available, O2- production will be higher than
concentrations shown in Figure 26. The combination of the direct and indirect
electron transfer results provide valuable insight into the overall number of
electrons available to reduce molecular oxygen into O 2-. However, the conditions
of the cytochrome c assay limit the quantification of transferrable electrons. The
effect that PAH wrapping of PFBT CPNs has on electron transfer is unknown.
Additionally, the removal of cytochrome c from the surface of the nanoparticle
raises questions on how many electrons are lost to the water solvent.

3.2 Dosage Dependence of PET
It is expected that as light dosage increases, CPNs will absorb more
photons and an increase in PET will occur. It is also predicted that the system will
reach a point where the increase in photon flux becomes ineffective for controlled
O2- production. Photobleaching processes may also become a concern when
dosages are increased. Dosage dependence of PET from PFBT CPNs will be
investigated through Hydro-Cy5 fluorescence assays, undoped PFBT CPN
fluorescence quenching, and cytochrome c reduction assays.

3.2.1 Superoxide Production from PFBT CPNs
PFBT CPNs were doped with 10 wt% of Hydro-Cy5 and irradiated with
varying flux of 455 nm light (Figure 28). The RET and direct excitation
fluorescence assays were previously used in Section 2.1 on MEH-CNPPV CPNs
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and in Section 3.1 on PFBT CPNs. The assay appears to report on O2production from the CPNs. How the response varies with dosage was
investigated. Upon the addition of dye to PFBT CPNs, fluorescence is quenched.
As light irradiation is applied and the dye is increasingly oxidized, both the CPN
and dye signals grow together in a ratiometric signal. Each spectrum in the series
corresponds to a 10 second irradiation period. Lower light dosages, seen in
Figure 28a and 28b, slowed down emission growth of both PFBT CPNs (538 nm)
and Hydro-Cy5 (666 nm), indicating less electron transfer and consequently less
O2- production within the ten second irradiation intervals as compared to the
higher light dosage in Figure 28c and 28d.

(a)

(b)

(c)

(d)

Figure 28. Hydro-Cy5 doped PFBT CPNs irradiated with varying photon fluxes of 455 nm
light: (a) 8.1x10-6 M s-1 (b) 1.2x10-5 M s-1 (c) 1.6x10-5 M s-1 (d) 2.4x10-5 M s-1
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The growth of Hydro-Cy5’s emission with RET from PFBT CPNs is shown
in Figure 29. There is a clear difference in trends between the 8.1x10-6 M s-1 and
1.2x10-5 M s-1 dosages. The question of whether O2- generation (PET) was
affected by dosage dependence or varying RET was investigated. Figure 30
shows the dye in the same environmental conditions (doped onto PFBT CPNs),
but excited directly to remove the effects of RET. The trend differences between
the 8.1x10-6 M s-1 and 1.2x10-5 M s-1 dosages is still apparent, indicating the
different dosages involves a distinction in the rate of O2- generation (although
differences in RET with varying photon flux may also be present and have not
been studied).

Figure 29. Fluorescence intensity of Hydro-Cy5 through RET with varying light
dosages of 455 nm light.
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Figure 30. Fluorescence intensity of Hydro-Cy5 through direct excitation with
varying light dosages of 455 nm light.

Within the RET fluorescence assay, PFBT CPNs’ emission reached
similar max intensities for each photon flux, Hydro-Cy5’s maximum emission
decreased with dosages higher than 8.1x10 -6 M s-1, the lowest dosage used.
Table 3 displays the ratio of Hydro-Cy5’s fluorescence intensity relative to its
fluorescence intensity with the lowest photon flux (Hydro-Cy5’s emission with a
given dosage divided by Hydro-Cy5’s emission with 8.1x10-5 M s-1 of 455 nm
light). We know that that the reduced form of the dye is an efficient fluorescent
quencher of the CPNs (refer to MEH-CNPPV CPNs’ Stern-Volmer study in
Section 2.1). As O2- is produced and the dye is oxidized, fluorescent quenching
ceases. Because PFBT CPNs’ maximum emission is relatively the same with all
light dosages, it can be inferred that the same amount of dye has reacted to its
oxidized form with all dosages. However, the decrease in Hydro-Cy5’s emission
implies that an overproduction of O2- due to increasing photon flux bleaches the
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dye. If this is true, 8.1x10-6 M s-1 of 455 nm light appears to be the upper dosage
limit for Hydro-Cy5, as higher photon flux produces too much O2- from the CPNs
and begins to decompose the dye quickly.

PHOTON FLUX (M S-1)

EM 666 NM RATIO RELATIVE
TO LOWEST DOSAGE
1
0.83
0.73
0.73

8.1X10-6
1.2X10-5
1.6X10-5
2.4X10-5

Table 3. Ratio of fluorescence intensities of Hydro-Cy5 through RET with varying 455 nm light
dosages.

The theory that Hydro-Cy5 bleaches at higher photon fluxes is supported
by data obtained from the direct excitation of Hydro-Cy5 in dye-doped PFBT
CPNs following light irradiation. Figure 30 (above) shows the behavior of the
dye’s emission without the effect of RET from the CPNs. Dosages above 8.1x10-6
M s-1 show photobleaching of the dye after reaching a maximum intensity. The
exact photobleaching process of the dye is unknown, however, it occurs rapidly
at higher light dosages. This dosage limit hinders Hydro-Cy5’s use in O2- sensing
and PDT. However, the photobleaching is not seen as severely with excitation of
PFBT CPNs rather than the dye directly. Therefore, ratiometric sensing and the
effects of RET extend the possible irradiation times if higher dosages are
desired.
The fluorescence data above reveals a clear dosage dependence of O2generation and sensing in Hydro-Cy5-doped PFBT CPNs. Although Hydro-Cy5
appears to be an efficient O2- reporter, it’s presence affects the rate of O2production from CPNs as it provides another deactivation pathway for CPN
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excitons through RET. O2- sensing with Hydro-Cy5 is enough to show a dosage
dependence of PET from PFBT CPNs, however, it does not accurately describe
the total electrons available for transfer from PFBT CPNs. For PFBT CPNs’ use
in PDT, this competition is useful and allows for fluorescence tracking and ROS
production simultaneously. For Hydro-Cy5-doped CPNs, these tests indicate that
keeping light dosages low allows for more control over therapeutic effects and
results in an increase of the dye’s longevity (a decrease in rapid photobleaching).

3.2.2 Fluorescence Quenching of PFBT CPNs
When PET occurs, leaving behind hole polarons, fluorescence quenching
of PFBT CPNs is expected as seen in Figure 31. Although many different
photobleaching processes may occur to cause fluorescence quenching, previous
dosage-dependence investigations with Hydro-Cy5 allude to increased PET with
increased dosage. The monitoring of hole polaron-induced fluorescence
quenching is used to support previous dosage-dependence arguments, and it is
believed that the magnitude of fluorescence quenching will increase with light
dosage as PET is increased. While the fluorescence quenching of undoped
CPNs is evidence of exciton creation, the increase in fluorescence signal after
light irradiation conveys the recombination of electron-hole pairs, a result from
excitons or electrons that have not been lost to acceptors, such as oxygen.
Solutions of undoped PFBT CPNs were irradiated with varying photon flux
of 455 nm light (Figure 31), and fluorescence quenching was evaluated. A clear
dosage dependence on fluorescence quenching, assumed to be hole polaron
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formation, is seen. Fluorescence quenching in the lowest dosage happens
gradually, compared to higher dosages where fluorescent quenching is swift and
comes to a plateau before the light source is turned off. This agrees with the
observations in Hydro-Cy5 O2- sensing, in that lower dosages allow for more
control over PET processes. Additionally, the quenching follows a linear pattern,
seen in Figure 32.

Figure 31. Dosage dependence of fluorescence quenching of PFBT CPNs with
455 nm light irradiation (gray box).

Figure 32. Dosage dependence of fluorescence quenching from PFBT CPNs as
a function of 455 nm photon flux.
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While the fluorescence quenching process of PFBT CPNs can be a
combination of mechanisms, both reversible and irreversible, much can be said
about the fluorescence regeneration following light irradiation. Because it is
assumed that the regeneration is due to the recombination of electron-hole pairs,
the behavior of the signal regeneration can be a helpful insight into the actual
description of PET. Figure 33 displays fluorescence regeneration as a function of
light dosage. As the fluorescence regeneration appears to diminish with
increased light, the decrease in signal can be interpreted to mean that more
electrons in the CPN are lost to acceptors and cannot recombine. This implies
that PET occurs more readily at higher light dosages and supports the increase
of O2- seen in Hydro-Cy5 fluorescence assays. As in the fluorescence quenching
measurements, fluorescence regeneration diminishes linearly.

Figure 33. Dosage dependence of fluorescence regeneration in PFBT CPNs.
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3.2.3 Reduction of Cytochrome c by PFBT CPNs
Both Hydro-Cy5 O2- sensing and fluorescence quenching tests provided
evidence of dosage dependent PET from PFBT CPNs. The reduction of
cytochrome c by PET was also used to confirm this observation. Undoped PFBT
CPNs were wrapped with 20 wt% PAH and put in solution with cytochrome c. As
varying light dosages of 455 nm light were applied to the solution, the change in
absorbance at 550 nm (the reduction of cytochrome c) was monitored over two
minutes. Figure 34 displays the absorbance changes and their linear relationship
with photon flux. Dosage dependence of cytochrome c reduction supports the
data seen in the Hydro-Cy5 fluorescence assays and the fluorescence quenching
studies. The linearity of dosage dependence of PET is also supported by the
fluorescence quenching studies.

Figure 34. Dosage dependence of cytochrome c reduction by PFBT CPNs.
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Hydro-Cy5 O2- sensing, cytochrome c reduction, and fluorescence
quenching tests collectively confirm a dosage dependence of PET from PFBT
CPNs. Interestingly, fluorescence quenching, fluorescence regeneration, and
cytochrome c reduction suggest a linear relationship between dosage and PET.
However, O2- sensing in the Hydro-Cy5 fluorescence assays (both through RET
and direct excitation) conflicted this finding, revealing a clear difference between
8.1x10-6 and 1.6x10-5 M s-1 light dosages. It is possible that these discrepancies
are related to the introduction of the energy transfer deactivation process in
doped CPNs. It is possible that PET to oxygen in this assay is hindered by the
competitive RET pathway in a way that the resulting PET is not linear.
For the argument of PFBT CPNs as a PDT PS, dosage dependence
means that therapeutic effects can be manipulated simply through the choice of
light dosage. In both Hydro-Cy5 sensing and fluorescence quenching studies,
lower dosages convey a greater degree of control for PET outcomes, necessary
for PDT. Lower dosages also benefit the O2- imaging capacity for Hydro-Cy5doped PFBT CPNs. Higher dosages tend to photobleach the dye too rapidly for
use.

3.3 Size Dependence on PET
In Section 3.2, dosage dependence of charge transfer from CPNs is
undeniable. It is speculated that manipulation of CPNs themselves can also
affect the magnitude of charge transfer. PFBT CPN size was adjusted and PET
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from PFBT CPNs was investigated using Hydro-Cy5 O2- sensing, fluorescence
quenching, and cytochrome c reduction assays.
The size of CPNs can be adjusted by water addition to the precursor
solution. Using a 5 mL precursor solution, 0% and 10% volume Milli-Q water
were added to adjust CPN size. Previous TEM sizing work in the Harbron lab has
determined 0% and 10% volume water produced CPNs with approximately 14
and 26 nm diameters, respectively. During synthesis, the 10% volume CPNs
aggregated to a larger extent when injected into water. This was determined by
color loss after filtration, which decreased absorbance measurements of the
formed CPNs. For the assays, the concentration of the 0% volume solution was
adjusted by diluting the solution to match the absorbance of the 10% volume
solution. This was done under the assumption that the extinction coefficients
between the two sizes varied minimally and equal absorbances correlated to
comparable concentrations. Post-dilution, the fluorescence intensities of the two
sizes were the same within experimental error.

3.3.1 Superoxide Production in Different PFBT CPN Sizes
Each aliquot of PFBT CPNs was doped with the same volume of HydroCy5 stock solution and 8.1x10-6 M s-1 of 455 nm irradiation was applied until
maximum fluorescence was reached (Figure 35). The smaller PFBT CPNs
reached maximum fluorescence in fewer irradiation intervals than larger PFBT
CPNs (60 seconds vs. 200 seconds of total irradiation respectively). Based on
the substantial differences in the number of irradiation intervals to reach
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maximum fluorescence, it appears that O 2- is produced at a slower rate from the
smaller CPNs.

Figure 35. Size dependence of O2- sensing in Hydro-Cy5-doped PFBT CPNs. 0%
Volume, 14 nm diameter (top) and 10% Volume, 26 nm diameter (bottom) PFBT
CPNs were irradiated with 8.1x10-6 M s-1 455 nm light in 10 second intervals.
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Initially, it appears that RET to Hydro-Cy5 is stronger in the 0% volume
size, indicated by a smaller 538 nm/666 nm emission ratio. However, upon
further inspection, fluorescence at 666 nm emission is the same. This is evidence
of similar RET from PFBT CPNs to Hydro-Cy5. It is known that the quenching of
PFBT CPNs via doping of Hydro-Cy5 is relieved as the dye is oxidized to Cy5.
For the 10% volume size, the larger PFBT CPN emission and subsequent larger
emission ratio can be explained by its greater surface area. The same quantity of
dye does not cover the nanoparticle as densely, therefore, quenching effects of
PFBT CPNs are reduced. This explains the disparity in emission ratios. The
manipulation of the ratiometric signal as a function of size may be useful for
PFBT CPNs’ role as a PS and fluorescent probe in PDT. However, it is curious
how larger CPNs are able to both produce more O 2- and undergo more RET to
the dye, when the two pathways are in competition.
To further investigate PET effects without the hinderances of RET and
dye-induced CPN fluorescence quenching, fluorescence assays with direct dye
excitation and the same light dosage (8.1x10-6 M s-1) as seen in the RET assays
was performed (Figure 36). Looking at the dye’s behavior supports the results
seen in the RET fluorescence assays. Direct excitation fluorescence assays
show slower O2- production from larger PFBT CPNs; maximum fluorescence
was reached in the 0% volume size at 50 seconds while a similar fluorescence
intensity took 80 seconds in the 10% volume size. However, what was not seen
in the RET assay, is the overall heightened maximum fluorescence of the dye in
the 10% volume size. This suggests larger PFBT CPNs have the ability to
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produce more O2-, although slower, than smaller CPNs through an increase in
PET capacity.

Figure 36. Size dependence of Hydro-Cy5 fluorescence with direct dye excitation.
Samples were irradiated with 8.1x10-6 M s-1 455 nm light over 10 second intervals.

For the application of using PFBT CPNs in PDT, slow production of O 2may be beneficial, giving greater control over O 2- dosage. Furthermore, the
photostability of the dye may be improved in the larger PFBT CPN size. Although
the same concentration of Hydro-Cy5 is doped onto the nanoparticles, the dye
underwent photobleaching after 50 seconds of irradiation in the smaller CPNs.
Whether this is due to an increased rate of O 2- production destroying the dye or
if the larger CPN sizes increase photostability is not known. Future work may
include doping CPNs with oxidized Cy5 and studying the bleaching effects
between the sizes.
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3.3.2 Fluorescence Quenching of Different PFBT CPN Sizes
Section 3.3.1 suggested that larger PFBT CPN sizes resulted in slower
O2- production, however, the larger CPNs were capable of generating more O 2when continual irradiation was applied. More O 2- production implies more PET
from CPNs. Fluorescence quenching tests of undoped PFBT CPNs were used to
support the size dependence argument. Figure 37 displays the typical degree of
quenching between the two PFBT CPN sizes. For a range of photon fluxes of
455 nm light, fluorescence quenching was always greater in the larger CPNs.
Both nanoparticle sizes maintained dosage dependence of fluorescence
quenching.

Figure 37. Size dependence of fluorescence quenching of PFBT CPNs. The gray
box indicates light irradiation with 2.82x10-5 M s-1 455 nm light dosage.

56

Interestingly, the regeneration of fluorescence signal varied between the
sizes (Figure 38). Fluorescence regeneration percent was calculated by the
equation:

𝐹𝐿 𝑅𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 % =

∆𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑙𝑜𝑠𝑡 𝑤𝑖𝑡ℎ 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛
𝑥 100%
∆𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑟𝑒𝑔𝑎𝑖𝑛𝑒𝑑 𝑝𝑜𝑠𝑡 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛

A 100% fluorescence regeneration would mean full recovery of fluorescence and
no photobleaching processes. Values below 100% indicate photobleaching, and
lower percentages indicate higher photobleaching. Fluorescence regeneration in
both sizes maintained dosage dependence, however regeneration occurs on a
lesser scale in smaller CPNs. Both sizes reach a plateau, indicating
fluorescence regeneration has a lower limit. The fluorescence plateau could
mean that a dosage point was reached where no more photobleaching
processes occur.

Figure 38. Size dependence of fluorescence regeneration of PFBT CPNs.
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Explaining these results has proven challenging. If it is true that the
generation of electron-hole pairs is responsible for fluorescence quenching,
these results could suggest that larger sizes create larger quantities of electronhole pairs than smaller sizes. Yet, in smaller sizes, these electron-hole pairs are
more likely to become free charge carriers and less likely to recombine. Despite
regeneration being greater in the larger CPNs, especially at lower light dosages,
the final fluorescent intensities after regeneration remain lower in the larger size.
It could be that in larger sizes, more electron-hole pairs are created, and in spite
of a portion of these electron-hole pairs recombining, overall positive charge
injection still remains greater in larger sizes.
The competition between electron-hole recombination and PET could
explain the apparent decreased rate of O2- production in the fluorescence
assays with direct excitation of Hydro-Cy5 (refer back to Figure 36). If larger
CPNs are more likely to undergo electron-hole recombination, O2- production
may decelerate as electron-hole recombination competes with PET to oxygen
(and also competes with RET to Hydro-Cy5). Regardless of recombination, and
under enough light irradiation, it appears that more electrons are lost to oxygen
acceptors in larger CPNs, indicated by the direct excitation tests of Hydro-Cy5
and the permanent loss of fluorescence in undoped PFBT CPNs.

3.3.3 Reduction of Cytochrome c by Different CPN Sizes
Although convoluted, Hydro-Cy5 O2- sensing and fluorescence quenching
assays indicated a difference in PET behavior from different PFBT CPN sizes.
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Cytochrome c assays were performed to further investigate size dependence of
PET. An additional 5% volume water size (approximately 17nm in diameter), was
made for comparisons. 0% and 5% volumes were compared (Figure 39), and
then 5% and 10% volume sizes were compared (Figure 40), adjusting
concentrations. All samples were irradiated for two minutes with varying 455 nm
light. Slight increases in Absorbance at 550 nm with increasing CPN size were
observed for both data sets, especially at higher light dosages.

Figure 39. Size dependence of the reduction of cytochrome c by PFBT CPNs.
455 nm light was used to irradiate samples for two minutes.

Figure 40. Size dependence of the reduction of cytochrome c by PFBT CPNs.
455 nm light was used to irradiate samples for two minutes.
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However, when 0% and 10% volume sizes were compared directly, the
results showed no size dependence on cytochrome c reduction (Figure 41). O2production was also measured using SOD (Figure 42). The assay showed no
discernable size dependence of PET to cytochrome c or O2- generation.
Measurements contained large amounts of error, especially at higher light
dosages. While limitations of all assays used throughout this project will be
scrutinized in a later chapter, the ability of the cytochrome c assay to provide
quantitative results is in question.

Figure 41. Size dependence of the reduction of cytochrome c by PFBT CPNs.
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Figure 42. Size dependence of the reduction of cytochrome c by PFBT CPNs.

Section 3.3.1 indicated that larger CPNs produce O 2- slower, but to a
greater extent than smaller CPNs. Section 3.3.2 supported the O 2- generation
results, showing that larger undoped CPNs undergo increased fluorescence
quenching, indicating that larger CPNs have an increased ability to create
excitons. This study also suggested that larger CPNs undergo an increase
electron-hole recombination post-irradiation. Despite greater recombination,
larger CPNs underwent more permanent photobleaching processes that may be
due to losing electrons to acceptors.
Why PET from CPNs would change as a function of size remains an
enigma. We know that chain-chain packing of the folded polymer chains remains
consistent in varying CPN sizes.7,68 Therefore, any chain-chain packing effects
on kinetic processes can be dismissed. Surface area increases with CPN size,
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although surface area does not change as much as volume, therefore, the ratio
of volume to surface area increases with expanding CPN diameter. We believe
the apparent changes in PET capabilities amongst varying CPN size is related to
the changes in volume to surface ratio.
It is also worth discussing the implications of the CPN concentrations that
may lead to the inconclusive cytochrome c assays. Concentrations were adjusted
by absorbance measurements, assuming extinction coefficients remain the same
when size is varied. This assumption was made due to a lack of absorbance
shifts when CPN size was varied. Lin et al. assessed the repercussions of
changing PFBT CPN size and found that larger CPNs resulted in bathochromic
shifts in absorbance.68 However, these shifts were attributed to increased light
scattering in larger CPNs, while the emission of CPNs did not demonstrate
energy shifts (also seen in the present study). This study supports the decision to
base concentrations on absorbance measurements; however, it should be made
clear that it is uncertain how the band gap changes as a function of size.
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CHAPTER 4

STRUCTURAL DEPENDENCE OF ELECTRON TRANSFER

An examination into PET from PFBT CPNs confirmed the dosage and size
dependence of charge transfer. As a PS in PDT, an increase in PET can be
advantageous, although control of O2- production must be maintained. Some
studies showed that larger CPNs produced more O 2- (underwent more PET) and
did so in a more controlled manner (slower). It was also shown that PET from all
CPNs can be manipulated by light dosage. All of this work was done in PFBT
CPNs.
PET from CPNs was also studied in two poly(p-phenylene vinylene) (PPV)
based CPs containing ethylhexyloxy substituents. The alkoxy groups attached to
PPV prevent coiling of the polymer, which would break the conjugation and the
delocalization of electrons. With the attached alkoxy groups, conjugation is
lengthened, electrons remain delocalized, and the PPV polymer becomes a
better semi-conducting material.69 Two of the most common PPV CPs were
utilized: poly[2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV)
and poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-(cyanovinylene-1,4-phenylene)]
(MEH-CNPPV). The chemical structures are shown in Figure 43.
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MEH-PPV

MEH-CNPPV

Figure 43. Chemical structures of MEH-PPV and MEH-CNPPV.

MEH-CNPPV differs from MEH-PPV with a cyano group attached to the
vinylene of the polymer. Cyano groups are electron withdrawing, removing
electron density from the -conjugation system through resonance and induction.
The decrease in electron density throughout the polymer backbone lowers the
LUMO of the CP and increases MEH-CNPPV’s electron affinity. This has made
MEH-CNPPV popular in CP-based photovoltaic devices, as CPs are mostly pconducting.25,70 In fact, photovoltaic devices utilizing a blend of p-conducting
MEH-PPV and n-conducting MEH-CNPPV have been studied.25 If electronic
properties are unchanged after CPN synthesis, MEH-PPV CPNs are expected to
be superior to MEH-CNPPV CPNs as an electron donor. This study will explore
the effects of CP structure on the CPNs’ ability to act as a PS and imaging agent
for PDT. CPNs’ will be evaluated on their O2- sensing capabilities (when doped
with Hydro-Cy5) and their overall ability to undergo PET to determine their
potential therapeutic effects. Absorbance and fluorescence spectra of each CPN
are shown in Figure 44.
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Figure 44. Absorbance (solid) and fluorescence (dashed) of PFBT (green), MEHPPV (orange), MEH-CNPPV (red) CPNs.

Wu et al. studied the structural effects of various spectroscopic properties
in CPNs. They observed high photobleaching in MEH-PPV CPNs and measured
photobleaching quantum yield (the number of molecules photobleached divided
by the total number of photons absorbed) for PFBT and MEH-PPV CPNs.1 MEHCNPPV data was not measured in this study. They found that MEH-PPV CPNs
had a ~10-8 photobleaching quantum yield, compared to a very photostable
PFBT CPN of ~10-10. It is important to note that they estimate photobleaching
quantum yields of typical fluorescent dyes to be in the range of 10 -4 to 10-6. While
MEH-PPV CPNs may exhibit higher photobleaching compared to other CPNs,
doped-MEH-PPV is preferable to dyes on their own in solution. It is expected that
high photobleaching processes in MEH-PPV CPNs will affect their ability to act
as a suitable O2- sensor for PDT.
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4.1 Superoxide Sensing and Production
The electron donating capabilities of CPNs are not the only determination
for an effective PDT PS. The control over PET to oxygen has been discussed at
length thus far, however, there are other considerations that can determine which
CPN would be superior for PDT. The ability of CPNs to act as a turn-on sensor
through dye-induced quenching effects and the ability of CPNs to act as a
ratiometric sensor are all things that will be considered in addition to their O 2producing behavior.

4.1.1 CPNs as Turn-On Superoxide Sensors
Figure 45 depicts the spectral overlap between CPN’s fluorescence and
Cy5’s absorbance, a requirement for adequate RET. Based on spectral overlap,
it is predicted that MEH-CNPPV, MEH-PPV, and PFBT CPNs will show
increasing dye amplification respectively. Table 4 describes fluorescence
amplification of Hydro-Cy5 when doped into each CPN. The amplification was
calculated by dividing the dye’s emission within the RET fluorescence assays
over the dye’s emission in the direct excitation fluorescence assays. The
amplification magnitude is consistent with the spectral overlaps and predictions.
It is expected that O2- sensing will be enhanced with greater dye emission
amplification.
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Figure 45. Spectral overlap between CPNs’ fluorescence [PFBT (green), MEHPPV (orange), MEH-CNPPV (red)] and Cy5’s absorbance (black).

CPN
PFBT
MEH-PPV
MEH-CNPPV

Fluorescence Amplification
x12
x14
x21

Table 4. Amplification of Hydro-Cy5’s fluorescence (at 666nm) by RET from CPNs.

The adsorption of Hydro-Cy5 onto the surface of CPNs causes dyeinduced fluorescence quenching of the CPNs. The quenching behavior has
shown to vaary9 with CP structure. 20 wt% of Hydro-Cy5 was doped onto each
CP. The total quenching of MEH-CNPPV CPNs’ fluorescence by Hydro-Cy5
(Figure 46) was discussed in Section 2.1. The same weight percent of dye also
quenches PFBT CPNs’ emission (Figure 47), although to a lesser extent than
MEH-CNPPV CPNs. MEH-PPV CPNs, however, did not show any fluorescence
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quenching behavior (Figure 48). Additionally, Hydro-Cy5’s emission is less
conspicuous when doped into MEH-PPV because of its broad shoulder in the
600 nm wavelength range. MEH-PPV CPNs, unlike MEH-CNPPV and PFBT
CPNs, do not show promise as a turn-on O2- sensor. Although it does not show
dye-induced fluorescence quenching, this does not negate MEH-PPV CPNs’ role
as a PDT PS, and therefore, MEH-PPV CPNs’ will continue to be evaluated for
this purpose.

Figure 46. Fluorescence quenching effects of Hydro-Cy5 on MEH-CNPPV CPNs.

Figure 47. Fluorescence quenching effects of Hydro-Cy5 on PFBT CPNs.
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Figure 48. Fluorescence quenching effects of Hydro-Cy5 on MEH-PPV CPNs.

4.1.2 CPNs for Linear Ratiometric Superoxide Sensing
Irradiation studies of dye-doped MEH-CNPPV CPNs (Figure 49) and
MEH-PPV CPNs (Figure 50) were performed. Comparable studies of PFBT
CPNs were described in Section 3.2. All samples were irradiated in 10 second
intervals with 8.1x10-6 M s-1 of 455 nm light. As described previously in Table 4,
excellent spectral overlap between MEH-CNPPV CPNs’ emission and HydroCy5’s absorbance results in extraordinary amplification of the dye’s fluorescence.
As Hydro-Cy5 is oxidized to Cy5, quenching of MEH-CNPPV CPNs’ fluorescence
is relieved. The ratio between MEH-CNPPV CPNs’ fluorescence (609nm) and
Hydro-Cy5’s fluorescence (666nm) is prominent and promising for ratiometric
O2- detection. MEH-PPV CPNs, however, do not experience a fluorescence
quenching effect and are prone to photobleaching. Accordingly, MEH-PPV CPNs’
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emission decreases with irradiation, while Hydro-Cy5’s emission meagerly
emerges.

Figure 49. Irradiation of Hydro-Cy5-doped MEH-CNPPV CPNs. The sample was
irradiated with 8.1x10-6 M s-1 455 nm light in 10 second intervals.

Figure 50. Irradiation of Hydro-Cy5-doped MEH-PPV CPNs. The sample was
irradiated with 8.1x10-6 M s-1 455 nm light in 10 second intervals.
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The Hydro-Cy5/CPN emission ratios were calculated as a function of
irradiation time and the linear ratiometric range is displayed in Figure 51. Linear
fits for these ratios are given in Table 5. All CPNs demonstrated acceptable
linear fits for a period of time, determined by high (>0.90) coefficients of
determination (R2). The linear ranges of PFBT and MEH-PPV CPNs were
minimal compared to MEH-CNPPV CPNs. MEH-PPV CPNs also exhibited
greater sensing sensitivity, determined by the increased slope of the best fit lines.
Due to the contributing factors of linear irradiation range and sensitivity, MEHCNPPV CPNs appear to be superior for linear ratiometric O2- detection.

Figure 51. Linear ranges of O2- ratiometric sensing in Hydro-Cy5-doped CPNs. PFBT CPNs
(green), MEH-PPV CPNs (yellow), MEH-CNPPV CPNs (red).

CPN
PFBT
MEH-PPV
MEH-CNPPV

EQUATION FOR
THE LINE OF BEST
FIT
y = 0.008x + 0.86
y = 0.004x + 0.26
y = 0.010x + 0.94

COEFFICIENT OF
DETERMINATION
(R2)
0.92
0.97
0.97

Table 5. Linear fits of O2- ratiometric sensing in Hydro-Cy5-doped CPNs.
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4.1.3 CPNs for Superoxide Production
O2- sensing capabilities were evaluated in Sections 4.1.1 and 4.1.2. The
data showed that Hydro-Cy5-doped MEH-CNPPV CPNs appeared the most
suitable as a O2- sensor. Doped MEH-CNPPV CPNs experienced the greatest
degree of doping fluorescence quenching effects (for turn-on O2- sensing) and
ratiometric sensing that depicted high sensitivity and long irradiation ranges. The
production of O2- from CPNs were studied to determine structural dependence
on therapeutic effects.
The same concentration of Hydro-Cy5 was doped onto each CPN so that
O2- sensing was not limited by the quantity of dye. All solutions of CPs in THF
were made fresh, so polymer weights between CPNs would not be affected by
solvent evaporation. Each CPN was continuously irradiated with 8.1x10 -6 M s-1
photon flux of 455 nm light starting at 10 seconds. The dye was directly excited
and Hydro-Cy5’s emission was assessed to describe O2- production, seen in
Figure 52.
PFBT and MEH-CNPPV CPNs showed increasing emission at 666 nm
over almost three minutes of irradiation. MEH-PPV CPNs only increased HydroCy5’s emission for approximately 40 seconds before photobleaching began to
dominate the signal. The intensity of Hydro-Cy5’s emission in Figure 52 is taken
to represent overall O2- production from Hydro-Cy5-doped CPNs. From these
results, it is evident PFBT CPNs excel as a PS due to higher oxidation of the dye
seen at 666 nm. Although the intensity of Hydro-Cy5’s emission in irradiated
MEH-CNPPV CPNs is less than PFBT CPNs’, the emission increase is more
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gradual, indicating a more controlled generation of O 2- from MEH-CNPPV CPN.
O2- production from irradiated MEH-PPV CPN insinuates that limited quantities
of O2- are produced quickly from the CPN, followed by dye bleaching.

Figure 52. Structural dependence of Hydro-Cy5 emission by direct excitation. A
continuous 8.1x10-6 M s-1 photon flux of 455 nm light was used to irradiate samples.

The discrepancies in the initial fluorescence intensities of Hydro-Cy5 when
doped into different CPNs should be acknowledged. It is possible that changes in
starting fluorescent intensity represent rapid autoxidation effects of the dye.
Autoxidation of Hydro-Cy5 has proven to be a challenging aspect of fluorescence
assays and was confirmed to be environmentally dependent. Autoxidation will be
discussed in a later chapter.
The disparity in O2- generation between MEH-CNPPV and MEH-PPV
CPNs was unanticipated. It appears as though electron affinity in CP MEHCNPPV does not translate to the CPN form. It is possible that the effects of
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electron density throughout the polymer backbone are mitigated when chains are
packed on top of each other to form nanoparticles.
Based on direct dye excitation fluorescence assays, PFBT CPNs present
themselves as superior O2- generators among the three CP structures. However,
MEH-CNPPV CPNs is able to produce O2- in a controlled fashion and exceeds
in linear ratiometric sensitivity and range. Additionally, the total quenching of
MEH-CNPPV CPNs allow for better turn-on O2- sensing. While PFBT CPNs also
exhibit these properties, they do so to a lesser extent. Unfortunately, MEH-PPV
CPNs do not possess the desired characteristics of a O 2- sensor. They still have
the ability to generate O2-, although, that too appears inferior to other structures.
MEH-CNPPV CPNs are an exceptional choice of PS for the simultaneous
generation and detection of O2-.

4.2 Reduction of Cytochrome c by CPNs
Hydro-Cy5-doped CPNs provided valuable insight into the CPNs’ ability to
produce and image ROS for PDT. Cytochrome c reduction from undoped CPNs
was used to determine overall PET available from CPNs. Cytochrome c proved
invaluable in verifying dosage dependent O2- production from PFBT CPNs in
Section 3.2. The same method was used to accomplish this in MEH-CNPPV
CPNs and MEH-PPV CPNs. Both CPNs were wrapped with the appropriate
weight percent of PAH and then put in solution with cytochrome c.
Figure 53. illustrates the change at 550 nm with varying light dosages
caused by PET from MEH-CNPPV CPNs. There appears to be an upper limit of
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dosage dependence on charge transfer behavior at 3.62x10-5 M s-1 of 455 nm
light irradiation. This indicates that PET from MEH-CNPPV CPNs may remain
constant at higher photon fluxes. Hydro-Cy5 O2- sensing showed dosage
dependence from MEH-CNPPV CPNs. However, Hydro-Cy5 tests are performed
at much lower irradiation dosages due to dye photobleaching. PET from MEHCNPPV CPNs at higher dosages was unexplored outside of cytochrome c
assays. PFBT CPNs did not reach an upper limit for dosage dependence.

Figure 53. Reduction of cytochrome c by PET from MEH-CNPPV CPNs.

To differentiate how much of the increasing signal at 550 nm is due to
direct electron transfer to cytochrome c or O 2- production, SOD was added to the
assay. For all photon fluxes, SOD shut down absorbance changes at 550 nm.
This is compelling evidence that the PET from MEH-CNPPV CPNs results almost
entirely in O2- production instead of direct electron transfer to cytochrome c. No
direct electron transfer from MEH-CNPPV CPNs to cytochrome c is contrary to
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what was seen in PFBT CPNs’ cytochrome c assay, which illustrates a
combination of both direct and indirect cytochrome c reduction. It may be
tempting to attribute the lack of direct electron transfer to cytochrome c from
MEH-CNPPV CPNs an increase in driving force to oxygen over cytochrome c.
However, reduction potentials of cytochrome c and molecular oxygen retrieved
from the literature are similar (-0.14 V and -0.16 V vs. SHE respectively).30,60
MEH-CNPPV oxidation potentials could not be found in the literature.
The data were recalculated to assume that cytochrome c reduction was
only due to O2- production from MEH-CNPPV CPNs. Figure 54 evaluates O2generated with 1.22x10-5 M s-1 photon flux of 455 nm light. The overall assumed
O2- production over two minutes of irradiation would indicate that approximately
0.33 nM of O2- was produced from MEH-CNPPV CPNs per second. In PFBT
CPNs, approximately 0.43 nM of O2- was produced per second and .08 nM of
electrons were directly transferred to cytochrome c per second using the same
irradiation conditions. These calculations support speculation that PFBT CPNs
are capable of more PET than MEH-CNPPV CPNs.
Unfortunately, efforts to describe PET from MEH-PPV CPNs with the
cytochrome c assay were unsuccessful. An example of absorbance change at
550 nm is given in Figure 55. A substantial light dosage of 4.41x10-5 M s-1 did not
reduce cytochrome c, and oftentimes a slight negative absorbance change
(indicating cytochrome c oxidation) is observed. Oxidation potentials of MEHPPV could not be found in the literature to explain thermodynamic driving forces
to cytochrome c or O2-. Based on the apparent poor O2- production from MEH-
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PPV CPNs, it could mean that MEH-PPV oxidation potentials are lower than
MEH-CNPPV or PFBT.

Figure 54. O2- production from MEH-CNPPV CPNs. Samples were irradiation
with a 1.22x10-5 M s-1 455 nm light dosage.

Figure 55. Absorbance change at 550nm in cytochrome c assay with MEH-PPV
CPNs. The gray box indicates 4.41x10-5 M s-1 of 455 nm light exposure.
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The variances seen in the cytochrome c assays among different CPNs
corroborate the previous results of structural dependent O 2- production (refer
back to Figure 52). Absorbance changes in cytochrome c show a decreasing
sensitivity from PFBT, MEH-CNPPV, and MEH-PPV CPNs accordingly when the
same light dosage is used. Although the assays used throughout this project are
qualitative in nature, they provide a compelling argument for structural
dependence of PET from CPNs. Beyond PET, there is a considerable
differentiation between the structures’ ability to behave as an efficient O2- sensor
based on dye-induced fluorescence quenching and ratiometric signal studies.
MEH-CNPPV CPNs were superior to the other structures in their ability to act as
a O2- sensor when doped with Hydro-Cy5. PFBT CPNs indicated the most O2production when doped with Hydro-Cy5 and the most overall PET in undoped
CPNs. However, MEH-CNPPV CPNs’ O2- production and overall PET was
notable. MEH-CNPPV CPNs’ appear to be superior for the combination of O 2generation and detection.
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CHAPTER 5

LIMITATIONS OF TESTING ASSAYS

The work done throughout this project is only a precursor to describing
PET from CPNs, specifically for their use in PDT. The Hydro-Cy5 O2- sensing
assay and the cytochrome c assay are newly developed techniques to the
Harbron Lab, used to describe the electron transfer processes from CPNs.
Method development became a large component to accomplish this and testing
assays must be scrutinized so that improvements can be made for future work.
Autoxidation of Hydro-Cy5 in the fluorescence assays and the use of buffer in the
cytochrome c assay are both hinderances that will be discussed.

5.1 Autoxidation of Hydro-Cy5
Although Hydro-Cy5-doped CPNs have proven to be a powerful tool for
simultaneous O2- generation and detection, the system has a significant
limitation: autoxidation. Autoxidation in aqueous media is not unique to the
hydrocyanine class of sensors. Murthy and coworkers have demonstrated
hydrocyanine’s stability to autoxidation, measuring half-lives of hydrocyanine
derivatives in pH 7.4 buffer to be approximately three days. 46,47 The increased
stability was attributed to hydrocyanine’s lower thermodynamic oxidative driving
force than other popular fluorescent ROS sensors. Still, when doped into CPNs,
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full oxidation of Hydro-Cy5 can happen in a matter of hours, depending on the
environment. The autoxidation of Hydro-Cy5 doped onto CPNs creates a
dilemma for PDT imaging, as autoxidation can hinder the imaging of treatment
progress.
Hydro-Cy5 was doped into PFBT, MEH-CNPPV, and MEH-PPV CPNs
and studied in the dark. The only light exposure to the system was the fluorimeter
excitation light. Hydro-Cy5’s emission at 666 nm (through RET from CPNs) was
measured over twenty minutes (Figure 56). Significant autoxidation was
observed in PFBT and MEH-CNPPV CPNs. MEH-PPV CPNs resulted in no
autoxidation, and surprisingly, a slight decrease in the emission of Hydro-Cy5.
Unfortunately, MEH-PPV CPNs demonstrated the least promising as a O2generator and sensor.

Figure 56. Autoxidation of Hydro-Cy5 in Hydro-Cy5-doped CPNs. Hydro-Cy5’s
emission at 666 nm was tracked via RET excitation.

80

Efforts to minimize the effects of autoxidation were explored through the
use of dark studies. Ideally, Hydro-Cy5-doped CPNs would experience little to no
oxidation without light irradiation. An increase in fluorescence intensity at HydroCy5’s emission without light irradiation would imply autoxidation effects. It was
suspected that the minimal light exposure from the fluorimeter lamp was creating
enough O2- to cause autoxidation of the dye in CPNs. Dark studies were
conducted on a doped MEH-CNPPV CPN sample after degassing to remove the
oxygen (Figure 57). Normal fluorescence intensity fluctuations were present and
after twenty minutes there were no significant fluorescence intensity changes.
The effects of autoxidation were shown to intensify with an increased sampling
rate (increased light exposure by the fluorimeter lamp). Although degassing
would be unproductive for PDT applications, it does hint at the sensitivity and
control of varying CPNs to generate O2-.

Figure 57. Autoxidation of Hydro-Cy5-doped MEH-CNPPV CPNs after
degassing.
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For all tests involving Hydro-Cy5-doped CPNs, the dye was dissolved in
methanol. The dye stock solutions were prepared so that minimal volumes of
methanol were needed to achieve the desired weight percent. Despite small
organic solvent additions, the effects of dye solvent were questioned. Hydro-Cy5
was dissolved in THF and then doped onto MEH-CNPPV CPNs so that solventdependent autoxidation could be examined. Figure 58 shows the consequences
of doping CPNs with Hydro-Cy5 dissolved in different solvents, in which THF was
shown to accelerate autoxidation. THF often has impurities, such as peroxides,
that can act as oxidants.

Figure 58. Autoxidation of Hydro-Cy5 in methanol (solid) and THF (dashed). Hydro-Cy5 was
doped onto MEH-CNPPV CPNs and kept in the dark.

The surface of the MEH-CNPPV CPNs were also functionalized with PSPEG-COOH. PS-PEG-COOH is an amphiphilic copolymer often used to achieve
colloidal stability of nanoparticles. It contains a hydrophobic polystyrene
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backbone with hydrophilic side chains of ethylene oxide terminated by carboxylic
acid functional groups.71 It is believed that when PS-PEG-COOH is doped onto
CPNs, the hydrophobic backbone remains embedded into the nanoparticle,
leaving the PEG chains to extend into the aqueous media. PS-PEG-COOH was
co-condensed with the MEH-CNPPV CP when injected into water. This addition
of the stabilizing copolymer to some extent prevents adsorption of Hydro-Cy5
onto the CPN surface. Figure 59 shows a decrease in autoxidation when PSPEG-COOH is added to MEH-CNPPV CPN. The decreased change in
fluorescence could indicate that autoxidation is dependent in some regard on the
adsorption of Hydro-Cy5 onto the CPN surface. This would mean that it is indeed
the doping of Hydro-Cy5 onto the CPNs’ surface that caused autoxidation
discrepancies from what Murthy and coworkers described.

Figure 59. Autoxidation of Hydro-Cy5-doped MEH-CNPPV CPNs with (dashed)
and without (solid) PS-PEG-COOH.
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Future work may consist of working with PS-PEG-COOH functionalized
CPNs. However, the removal of Hydro-Cy5 from the direct surface of the CPN
will affect RET efficiencies from the CPN to the dye. In MEH-CNPPV CPNs, RET
efficiencies are so great that the addition of 20 wt% PS-PEG-COOH still
produced an impressive ICPN/IDye ratiometric signal and dye fluorescence
amplification. How the PS-PEG-COOH functionalization affects MEH-CNPPV
CPNs’ ability to generate ROS was not studied.

5.2 Cytochrome c Assays
The original intent of the cytochrome c assay was to use it as a means to
quantify O2- production from CPNs. However, substantial limitations of using
cytochrome c quantitively are attributed to the solvent. Specifically, concerns lie
in the unavoidable transport of electrons through the solvent. While O2production has been substantiated in PFBT and MEH-CNPPV CPNs, it is
uncertain how many of the total electrons transferred via PET are lost to solvent
interactions. Electron transfers obstructed by solvent interactions would cause
significant error in direct and indirect electron transfer to cytochrome c. The loss
of electrons could contribute to large measurement errors detected in the PFBT
CPNs’ cytochrome c assays, especially at higher photon fluxes when more
charge transfer occurs. Interrupted electrons could also account for the lack of
absorbance changes in the MEH-PPV CPN assay, if it is true that PET from
MEH-PPV CPNs is much lower than other CPNs. The lost electrons would
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undervalue quantitation efforts and are believed to be the cause of the
inconclusive results in size and structural dependence investigations.
Oxidation and reduction effects on cytochrome c in water are also of
concern. Figure 60 depicts changes in oxidation states of cytochrome c when left
in the dark. The changing absorbance at 550 nm is indicative of solvent
interactions with cytochrome c. While PAH-wrapping stops the electrostatic
binding and continuous electron transfer between cytochrome c and CPNs,
oftentimes small interactions can be seen with absorbance changes at 550 nm.
This implies rapid reduction and oxidation of cytochrome c, which has the
potential to interfere with quantitative measurements. The cytochrome c
irradiation assays are limited to two minutes. In the two-minute irradiation period
the magnitude of absorbance changes attributed to oxidation and reduction of
cytochrome c by the solvent is small. It is believed that electrons transferred from
CPNs and lost to the solvent have larger consequences on quantitative
measurements than cytochrome c and solvent interactions.
Both cytochrome c redox chemistry and losing electrons to the
solvent may be resolved by using CPNs in buffer, rather than Milli-Q
water. Considerable work was done to produce stable CPNs in
phosphate-buffered saline (PBS) with a pH of 7.4. Not only will the use of
PBS potentially reduce solvent interactions, it will mimic the environment
of human cells better than Milli-Q water.
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Figure 60. Solvent interactions with cytochrome c in Milli-Q water.

MEH-CNPPV’s precursor solution was injected into PBS/Milli-Q
mixtures. The resulting fluorescence spectra were evaluated to determine
if CPN formation in PBS was possible (Figure 61). All solutions resulted in
colorless CPN suspensions rather than the typical orange-red. 25% and
50% volume PBS solutions reveal low emission at MEH-CNPPV’s
wavelength of maximum emission (609 nm). The very low emission
(typically ~600 a.u. using the same instrument and settings) implies that
CPNs were formed but aggregated and filtered out of solution. The 100%
volume PBS solution resulted in low emission, with a peak at 530nm. The
hypsochromic shift of MEH-CNPPV’s emission suggests that no CPNs
were formed and the emission is a result of the open chain polymer.
Emission intensity remains very low for the 100% PBS solution; therefore,
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it may be possible that CPNs were formed and aggregated out of solution
leaving only the bulk polymer.

Figure 61. Fluorescence of MEH-CNPPV CPNs made in PBS.

While it may not be possible to synthesize CPNs in PBS,
concentrated MEH-CNPPV CPN solutions were made (2 mL precursor
solution into 8 mL Mili-Q water) and then diluted in PBS. The ability of
MEH-CNPPV CPNs to undergo charge transfer in PBS was evaluated
using the cytochrome c assay. Figure 62 displays the change in
absorbance at 550 nm when MEH-CNPPV CPNs are diluted with 34%
volume PBS, put into solution with cytochrome c, and irradiated with light.
Curiously, Absorbance values were negative.

87

Figure 62. Absorbance changes at 550 nm of MEH-CNPPV CPNs diluted in PBS.

The absorbance changes at 550 nm were evaluated between MEHCNPPV and PFBT CPNs diluted with Milli-Q water and PBS (Figure 63).
Absorbance changes, although varied in magnitude, remain the same
between the two CPNs. Positive Absorbance in water are due to the
electrostatic binding and subsequent electron transfer between CPNs and
cytochrome c (PAH wrapping was not utilized in this study). Negative
Absorbance values occur in both MEH-CNPPV and PFBT CPN studies.
It is unknown why cytochrome c would appear to oxidize in PBS, although
it is clearly a result of PBS and not as issue with individual polymers.
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Figure 63. Absorbance changes of cytochrome c due to CPNs diluted in Milli-Q
water and PBS.

Many groups have been successful in using CPNs in vivo by
incubation of CPNs in water with cells. Very little work has been done with
CPNs in buffer in vitro. It is believed the key to converting cytochrome c
assays from qualitative to quantitative, or at the very least increasing
accuracy of cytochrome c results, lies in achieving success of CPNs in
buffers.
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CHAPTER 6

MATERIALS AND METHODS

6.1 Materials and Methods
6.1.1 Materials
All reagents and solvents are analytical grade and commercially available. All
polymers used throughout this project were purchased from American Dye
Source, Inc. 99.9% purity, extra dry THF was purchased from ACROS Organics.
HIDC Iodide was purchased from Photonic Solutions. Cytochrome c from equine
heart, poly(allylamine hydrochloride) (PAH), superoxide dismutase (SOD; bovine
E choli), and 10x PBS were purchased from Sigma-Aldrich.

6.1.2 Material Methods
Polymer Stock Solutions
At least 3 mg of polymer was weighed on an analytical balance and transferred
to a 25 mL round bottom flask. THF was used to dissolve the polymer, resulting
in a 1 mg/mL polymer solution. A stir bar was added to the polymer solution and
left to stir under argon for at least two hours before use. The flask was covered in
aluminum foil to exclude ambient light.
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CPN Synthesis
From the polymer solution, 0.2 mL of the polymer solution was diluted in a round
bottom flask with 4.8 mL THF to create a 0.04 mg/mL precursor solution. Any
early-doped dyes, functional coatings, or water to control nanoparticle size were
added into the precursor solution, in which the THF volume was adjusted
accordingly so that the total precursor volume remains at 5 mL. The solution was
filtered through a 0.7 m glass fiber filter. The absorbance of the precursor
solution was measured (after a 10-fold dilution of the solution in THF). To form
the nanoparticles, 1 mL of the precursor solution was injected into 8 mL of
sonicating Milli-Q water. The polymer/water solution was left to sonicate for two
minutes and was then transferred to a brown glass vial. The THF was then
removed under heat (50 C) and argon bubbling (490 mL/min) for thirty minutes,
and the resulting suspension was then filtered through a 0.7m filter layered over
a 0.22 m filter. The final volume of CPN solution was recorded with a graduated
cylinder. Using the absorbance of the precursor solution, the polymer’s extinction
coefficient, and the final volume of the CPN solution, the weight of polymer per
sample was estimated.

Late Doping CPNs with Dye
Hydro-Cy5 doping must be done immediately before testing the sample, while
many other dyes can be added into the precursor solution or into the water
solution after polymer injection. The absorbance of the polymer precursor
solution was used in conjunction with polymer extinction coefficients to determine
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the actual precursor concentration. Dilution calculations were made to determine
the final polymer weight when 1 mL of the precursor solution was injected into
water (using the final measured volume of the CPN solution). This was used to
estimate the weight of the polymer in each sample aliquots. The dye was added
by weight percent relative to the polymer weight. The dye-doped CPN solution
was quickly swirled and tested immediately.

Hydro-Cy5 Synthesis
100 mg of HIDC Iodide was weighed into a clear glass vial and then dissolved in
5 mL of methanol and left to stir. Lights were turned off in the lab to protect the
dye from unwanted photoinduced processes. A 6 mg/mL NaBH 4 solution was
added dropwise until the dark blue solution turned a pale yellow. The solution
was left to stir for approximately 20 minutes, adding more NaBH 4 whenever
needed to maintain the dye’s solution pale yellow color. After stirring, the
methanol was removed from the solution leaving a pale-yellow precipitate. The
solid was dissolved in 10 mL of dichloromethane, transferred to a 30 mL
separatory funnel, and then washed three times with DI water and once with
brine. The organic layer was dried over MgSO4 and filtered into a pre-weighed
glass vial. The dichloromethane was removed via rotovap. After solvent removal,
the precipitated dye’s color turned from pale yellow to a tie-dye mixture of yellow
and emerald green. The solid was re-dissolved in methanol with vigorous
shaking and sonication, and then rotovapped. The final solid form of the dye was
a pale-yellow precipitate with an 83% yield. The dye was stored in a clear glass
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vial in the freezer, covered in aluminum foil. Parafilm was wrapped tightly around
the cap to slow the inevitable oxidation of the dye.

Hydro-Cy5 Stock
The concentration of the Hydro-Cy5 stock was varied depending on the desired
usage. Quantities greater than or equal to 3 mg of Hydro-Cy5 were weighed on
an analytical balance and transferred to the appropriate size of volumetric flask.
The dye was dissolved in methanol with sonication.

Cytochrome C Stock
A 1 mM cytochrome c stock was made by dissolving 6.2 mg of cytochrome c in
500 L Milli-Q water. Aliquots of the stock were divided into small centrifuge
tubes and stored in the freezer.

PAH Stock
7-10 mg of PAH was weighed on an analytical balance and transferred to a 100
mL volumetric flask. Milli-Q water was used to dilute the PAH up to the fill line.
The solution was left to stir for at least twenty minutes on a stir plate and made
fresh weekly.

PAH Coating of CPNs
The absorbance of the precursor nanoparticle solution was recorded. Extinction
coefficients and the final CPN solution volume were used to calculate the
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estimated weight of polymer in CPN aliquots. The appropriate weight percent of
PAH was calculated relative to the weight of polymer in the sample. After
injection of PAH into the CPN solution, PAH was left to adsorb for at least twenty
minutes.

SOD Stock
The lyophilized powder was diluted with 100 L Milli-Q water to make a 75,000
U/mL solution. 8 L of this stock was diluted in 10 mL of Milli-Q water to make a
final 60 U/mL stock. The SOD stock was divided up into small centrifuge tubes
and stored in the freezer.

6.1.3 Testing Methods
Hydro-Cy5 Doped CPNs Fluorescent Assay
300 L of the CPN solution was late-doped with Hydro-Cy5 immediately before
testing. The dye was added in varying weight percent relative to CPN weight in a
brown glass vial. The solution was swirled by hand for a few seconds to allow
diffusion of the dye throughout the CPN solution, which was adequate time for
the dye to bind to the nanoparticle. The dye-doped solution was transferred to a
slim quartz cuvette (4 x 10 mm) for measurements. The same sample was used
for all irradiation intervals. Light of variable intensity was applied to the system by
a 455 nm overhead LED light source for 10 seconds intervals. Measurements
were taken in between irradiation intervals. This testing method provided two
types of fluorescence measurements: RET fluorescence (using the CPN’s
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excitation wavelength [PFBT: 450 nm, MEH-PPV: 470nm, and MEH-CNPPV:
470 nm]) and direct Hydro-Cy5 fluorescence (Hydro-Cy5’s excitation wavelength:
625 nm). When the CPNs are excited (close to the CPNs absorbance), CPN
emission and Hydro-Cy5 emission from RET excitation are provided. Direct
excitation of Hydro-Cy5 allows the dye to be analyzed with the effect of RET.

Cytochrome c Reduction Assays
300 L of the CPN solution was transferred to a brown glass vial and injected
with the desired amount of PAH coating. The solutions were swirled by hand and
left on the benchtop for twenty minutes to allow PAH to adsorb to the
nanoparticles. 4 L of the 1 mM cytochrome c stock solution was added and
swirled into the solution. If SOD tests were needed, 4 L of the 60 U/mL SOD
stock was added at this point and swirled. The solution was transferred to a slim
quartz cuvette and inserted into the UV-Vis instrument. An overhead LED light
source was used to irradiate the sample for two minutes.
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CHAPTER 7

FUTURE WORK AND CONCLUSIONS

CPNs are known for their exceptionally bright fluorescence and light
amplification capabilities. Their stability in aqueous media have made them ideal
candidates for probing fundamental processes in the biological sciences. Interest
in their energy transfer capabilities to dopant dyes comes at a time when
advanced fluorescence techniques are needed to overcome the limitations of
previously used bioimaging approaches. While the fluorescence properties of
CPNs are established, their ability to generate charged species upon light
irradiation have recently expanded their applications to photovoltaic devices and
light emitting diodes. In applications such as PDT, their semi-conducting and
fluorescent properties can be simultaneously utilized by creating and detecting
ROS in cells. However, charge transfer from CPNs comes as a cost to their
fluorescence. Manipulation of their emission has been well documented, and
similarly, it is believed that their conducting behavior can be exploited through the
same tuning techniques. This study aspires to begin an exploration of electron
transfer capabilities from CPNs, specifically for their role in PDT.
CPNs’ PET and fluorescence were analyzed with respect to their role as
an efficient PS and probe for PDT, and how both characteristics can be wielded
towards the application. Through the use of qualitative approaches, dosage
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dependence on PET from CPNs was confirmed, which would permit the
therapeutic effects of the CPNs to be manipulated. The investigation also
suggested a dependence on size and structure. Initial tests indicated a change in
the rate and quantity of O2- production in larger CPNs. Additionally, O2production and sensing behavior varied with CP structure. PFBT CPNs appeared
to produce the most O2- and successfully reduced cytochrome c through PET.
MEH-CNPPV CPNs’ ability to produce O2- and reduce cytochrome c from PET
was also impressive. Other desired characteristics including fluorescence
quenching by Hydro-Cy5 and linear ratiometric signaling proved better in PFBT
and MEH-CNPPV CPNs. MEH-CNPPV CPNs emerged as arguably the most
promising PS with the ability to act as a turn-on O2- sensor, exceptional dye
amplification for imaging, high sensitivity for ratiometric signaling, and
considerable control over O2- production.
The budding analysis has shown potential to describe charge transfer
from CPNs, although much work is left to do. Hydro-Cy5 O2•- sensing and
fluorescence quenching studies have proved advantageous to indirectly describe
electron transfer through emission. However, it is believed that the best way to
achieve insight into charge transfer from CPNs lies in quantitative efforts. Future
efforts should be placed largely into improving the cytochrome c assay, focusing
on the ability to monitor reduction of cytochrome c in buffer and shutting down
redox chemistry of cytochrome c. PS-PEG-COOH has been proven to increase
colloidal stability of particles, however it is unclear how adding the functional
layer to the CPNs would hinder their performance in the cytochrome c assay. It is
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possible that adding enough of a functional layer may negate the need for the
PAH coating. The ability of PAH to affect charge transfer should also be
scrutinized.
Once improvements on the cytochrome c assay are made, it can be used
to estimate the total number of electrons available for PET from the CPNs.
Additionally, there is potential to quantify PET from MEH-CNPPV CPNs through
the cytochrome c reduction assay. In Section 4.2 it was shown that the majority
of the electrons that reduced cytochrome c were from indirect electron transfer
(O2- production), rather than a combination of direct and indirect electron transfer
as seen in PFBT CPNs. O2- production was estimated using the Fe2+ extinction
coefficient at 550 nm seen in Figure 54. A standard (xanthine and xanthine
oxidase) can be used to calibrate the O2- production from undoped MEH-CNPPV
CPNs. Once this is done, it may be possible to then dope the MEH-CNPPV
CPNs with Hydro-Cy5 and repeat the cytochrome c reduction assay to determine
how much PET is lost to RET. This may not only lead to the ability to calibrate
Hydro-Cy5’s O2- sensing ability, but also understand the competition between
RET and PET form MEH-CNPPV CPNs.
It may be possible to find another acceptor that does not undergo solvent
interactions. Although, finding an acceptor that has high solubility in water, a high
reduction potential, and fast accepting kinetics may prove challenging.
Fullerenes, specifically C60, have been popular amongst charge transfer studies
from CPs. However, their low solubility in water renders them ineffective. There
has been considerable focus over the years to achieve water stability of C 60,
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including efforts in functionalizing the surface 72 and exploring solvent exchange
methods.73 Although these methods may not be as straightforward as desired to
achieve the project’s goals.
Exploring the electrochemistry of commonly used CPNs will provide
explanations into the oxidation behavior of CPNs. The small redox potential
window of water makes measuring CPNs suspended in water infeasible by
means of cyclic voltammetry. This is why many have resorted to preparing CPN
films in order to analyze CPN electrochemistry. Palacios et al. claim that films of
CPNs do not experience a change in optical properties, and utilize a unique
single-molecule spectroelectrochemistry technique to characterize CPN redox
chemistry from films.63 Our ties to the Palacios lab, who continues this work at
the National University of Río Cuarto in Argentina, may lead to a simple
collaboration to obtain this information. Redox titrations often used for enzymes
and proteins in water may also be a useful venture to accomplish this goal.
The work herein should be viewed as a preliminary investigation into PET
from CPNs. While their redox and emission properties were studied exclusively,
the competitive pathways make them an interesting subject to examine in terms
of PDT. CPNs have the unique ability to provide therapeutic effects by visible
light-induced O2- production while simultaneously probing the progress of PDT
through ratiometric signaling of dye-doped CPNs
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